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ABSTRACT 
The Thesis deals with the development of new concepts for improving the properties of natural 
and synthetic textile fibres. A natural fibre, cotton, has been chosen as fibrous material. The 
focus of the modification has been directed towards its handle properties, which usually are 
improved at the expense of moisture up-take. The silicon based compounds were used for this 
work. Polylactic acid and polypropylene have been chosen as synthetic fibres whose textile 
potential is hindered by their poor dyeability and low moisture sorption capacity and which can 
be modified at spinning stage with suitable additives. The focus here has been directed on 
using recyclable natural materials as additives for achieving an improved comfort property of 
the synthetic polymer. 
Two chemical processes, namely coating and infiltration, were considered for applying 
functional polymers on the fibre surface and, respectively, for modifying the bulk of a polymer 
via infiltration of particles into the matrix. 
The coating of cotton with two hydrophilic silicon softeners, a silanol compound and a PDMS 
compound, was carried out from water, as a classical method, and from supercritical CO2, 
respectively, as a new approach. The coating process and the change of the fabric properties 
were investigated by using Scanning Electron Microscopy (SEM), elemental identification 
Energy Dispersive X–Ray Spectroscopy (EDX), Fourier Transform Infra-Red Spectroscopy 
(FTIR), X-Ray Photoelectron Spectroscopy (XPS), moisture analyser and Kawabata 
Evaluation System (KES-FB). The results allowed optimising the route of silicon product 
application and put into evidence the benefits of the treatment, independently of the fabric 
structure. 
The polylactic acid and polypropylene based composites were produced via melt infiltration of 
powders of chitosan, cotton or keratins into polymer matrix. The prepared powders were 
characterised using FTIR, NMR, Raman microscopy and amino acid analysis. The distribution 
of the powders into the matrix was investigated by SEM analysis. The composites show good 
thermal and mechanical properties demonstrated by Differential Scanning Calorimetry (DSC) 
and Thermogravimetric Analysis (TGA) and miniature material tester (MiniMat2000). The 
ability of absorbing and keeping the moisture was highly improved for all materials, as shown 
with IGA sorb moisture analyser. Polylactic acid based composites proved also an improved 
ability for dyeing with reactive and acid dyes at 100°C. 
Summing up the fibres properties can be controllable improved by selecting the appropriate 
synthetic polymer structure for coating natural fibres, or the appropriate natural additive for 
infiltrating the matrix of the synthetic fibre. 
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KURZFASSUNG 
Die Arbeit beschäftigt sich mit der Entwicklung neuer Konzepte zur Verbesserung der 
Eigenschaften von natürlichen und synthetischen Textilfasern. Eine natürliche Faser, 
Baumwolle, wurde als Fasermaterial ausgewählt. Der Schwerpunkt der Modifizierung wurde 
auf  weichmachende Eigenschaften gerichtet, die in der Regel zu Kosten der 
Feuchtigkeitsaufnahme verbessert werden. Silizium basierende Verbindungen wurden für diese 
Arbeit verwendet.  
Als synthetische Fasern wurden Polymilchsäure und Polypropylen ausgewählt, deren textiles 
Potenzial durch ihre schlechte Färbbarkeit und niedrige Feuchtigkeitssorptionskapazität 
behindert und die beim Spinnen mit geeigneten Zusätzen modifiziert werden können. Der 
Schwerpunkt hier lag darin wieder verwertbare natürliche Materialien als Zusätze, zur 
Erzielung einer verbesserten Komforteigenschaft der synthetischen Polymere zu verwenden.  
Die Beschichtung der Baumwolle mit zwei hydrophilen Siliziumweichmachern, 
Silanverbindungen und PDMS Verbindungen wurde aus Wasser durchgeführt, eine klassische 
Methode, aus organischen Lösungsmitteln und aus überkritischem CO2 als neuer Ansatz. Die 
Beschichtung und die Veränderung der Gewebeeigenschaften wurden untersucht mit Hilfe von 
konfokaler Raman Mikroskopie (KRM), Rasterelektronenmikroskopie (REM), 
Energiedispersiver Röntgenspektroskopie (EDX), Fourier-Transform-Infrarotspektroskopie 
(FTIR), Röntgenphotoelektronenspektroskopie (XPS), Moisture Analyzer und Kawabata 
Auswertungs System (KES-FB). Die Ergebnisse ermöglichten die Optimierung der Route der 
Anwendung von Siliziumprodukten und bewiesen den Nutzen der Behandlung, unabhängig 
von der Gewebestruktur. 
Die Polymilchsäure und Polypropylen Komposite wurden durch Schmelzinfiltration von 
Pulvern aus Chitosan, Baumwolle oder Keratin in eine Polymermatrix hergestellt. Die 
hergestellten Pulver wurden mittels FTIR, NMR, FT-Raman-Mikroskopie und Aminosäure-
Analyse charakterisiert. Die Verteilung des Pulvers in der Matrix wurde durch REM-Analyse 
untersucht. Die hergestellten Verbundwerkstoffe zeigen gute thermische und mechanische 
Eigenschaften, wie durch Differential Scanning Kalorimetrie (DSC), Thermogravimetrische 
Analyse (TGA) und Miniatur-Material-Tester (MiniMat 2000) nachgewiesen wurde. Die 
Fähigkeit Feuchtigkeit zu absorbieren und zu halten war für alle hergestellten 
Verbundwerkstoffe bei Raumtemperatur stark verbessert, wie mittels IGA 
Feuchtigkeitsanalyse gezeigt wurde. Polymilchsäure Komposite zeigten auch eine verbesserte 
Färbbarkeit mit reaktiven und sauren Farbstoffen bei 100°C. die als die Farbstärke von 
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gefärbten Folien gemessen unter Verwendung von Daten Farbe Instrument vorgestellt 
verbessert werden muss. 
Zusammenfassend können die Fasereigenschaften kontrolliert verbessert werden, durch die 
Wahl der geeigneten synthetischen Polymerstruktur für die Beschichtung von Naturfasern, 
oder des geeigneten natürlichen Zusatzstoffes für die Infiltration der Matrix der synthetischen 
Faser. 
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The road of life twists and turns and no two directions are ever the same. 
Yet our lessons come from the journey, not the destination 
(Don Williams) 
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LIST OF ABBREVIATIONS AND SYMBOLS 
A - SYMBOLS ABBREVIATIONS 
Abbreviation Description 
°C Degree Celsius 
°K Degree Kelvin 
Af Arrhenius factor 
Å Angstrom 
C∞ Silicon concentration at equilibrium (after 600 s) 
Cf Silicon compound concentration on the fabric given as yellow value 
Ci Saturation concentration of silicon compound (mg/L) 
Cmax Maximum adsorption capacity of the fabric (mg/g),  
Cs Concentration of silicon compound in the treatment bath 
Ct Silicon concentration after time t 
D Diffusion coefficients 
ΔG Gibbs free energy 
ΔH Enthalpy of fusion (J/g) 
ΔH thermodynamic Enthalpy of sorption (kj/mole) 
ΔHo Enthalpy of fusion for 100 % crystalline polymer 
DS Degree of substitution 
ΔS Entropy of sorption (J/mole) 
Ea Activation energy of sorption (kj/mole) 
GPa Gigapascal 
hp Plank's constant (Js) 
k Cegarra – Puente rate constant 
K/S Colour Strength, (K: absorption coefficient and S: scattering coefficient) 
k1 Kinetic rate constant of first order (min) 
k2 Kinetic rate constant of second order (g/mg.min) 
Kb BET adsorption constant 
KB Boltzmann's constant (J/K) 
KF Freundlich adsorption constant (L/mg) 
KL Langmuir adsorption constant (L/mg) 
λ Wavelength (nm) 
Mpa Megapascal 
n Heterogeneity factor for Freundlich adsorption 
qe Maximum adsorption capacity (mg/g) of second order adsorption 
qm Maximum capacity of the fibre (mg/g) of first order adsorption 
qt Amount of polymer adsorbed (mg/g) at time t  
r Radius of cotton fibre 
R Gas constant 
Rc Reflectance of coloured sample 
Ro Reflectance of uncoloured (white) sample 
Si Silicon 
T Temperature 
TD Dyeing transition temperature 
Tg Glass transition temperature 
To Melting onset temperature 
Tp Melting peak temperature 
Xc Degree of relative crystallinity 
ΔT Change in temperature 
DWI an der RWTH-Aachen University 
DWI an der RWTH-Aachen University              xl
B - GENERAL ABBREVIATIONS 
Abbreviation Description 
a.u. Arbitrary unit 
atm Atomic atmosphere 
ATR-FTIR Attenuated total reflectance fourier transform infrared spectroscopy 
B The area of silicon signal I 
BET  Brunauer-Emmett-Teller isotherms 
BM Breacking modulus 
C.I. Colour index 
CFF Chicken feather fibres 
cm Centimetre 
CP Critical point 
CRM  Confocal Raman microscopy  
dM/dt The rate of mass change as a function of time 
DSC Differential scanning calorimetric 
DTGA The first order derivative of thermogravimitrical analysis 
e.g. For example 
EDX Energy Dispersive X–Ray Spectroscopy 
et al etalii, etaliae 
F The empirical correction factor for silicon signal II and III 
FT-IR Fourier Transform Infra-Red Spectroscopy 
g gram 
h Hour 
i.e. That is 
J/g Joule per gram 
KDa Kilo Daltons 
KES  Kawabata Evaluation System 
KV Kilovolt 
L Litre 
L.R Liquor ratio 
m Mole 
M.wt Molecular weight 
MER  Melt flow rates 
Mf Molecular formula  
mg/L Milligram in litre 
min. Minute 
μm micrometre 
mm Millimetre 
mW Mill watt 
mmole Millimole 
N Newton 
nm nanometre 
ROP  Ring opening polymerization 
rpm Rotation per minute 
RT Room temperature 
s second 
SC-CO2 Supercritical carbon dioxide  
SC-f Supercritical fluid 
SEM  Scanning electron microscopy 
Sw The relative amount of silicone  
TEM Transmission electron  microscopy 
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TGA Thermal gravimetrical analysis 
UV-vis Ultraviolet-visible 
v/v Volume by volume 
w/v Weight by volume 
w/w Weight by weight 
wt Weight 
XPS X-ray photoelectron spectroscopy 
 
C - CHEMICAL ABBREVIATIONS 
Abbreviation Description 
β-CD β-Cyclodextrin 
BIS-amide N,N'-1,4-butanediyl-bis(6-hydroxy-hydroxy-hexanamide 
CDEN  mono-6-hexylenediamino-6-deoxy-β-cyclodextrin 
D2O Deuterium dioxide 
DMF N,N-dimethyformamid 
DMSO N,N-dimethysulfoxide 
DMS-S12 Silanol terminated polydimethylsiloxanes Mwt. 0.4–0.7 KDa 
DMS-S14 Silanol terminated polydimethylsiloxanes Mwt. 0.7–1.5 KDa 
DMS-S15 Silanol terminated polydimethylsiloxanes Mwt. 2.0–3.5 KDa 
E' Tensile storage modulus 
E'' Tensile loss modulus 
FRP Fibre reinforced polymer 
IPES 3–Isocyanate propyltriethoxy silane 
KBr potassium bromide 
KIF Keratin intermediate filament 
LDPE Low density polyethylene 
N,O-CMC N,O-Carboxymethyl chitosan 
NH2 Amino group 
NMNO N-methylmorpholine-N-oxide 
O-CMC O-Carboxymethyl chitosan 
OH Hydroxyl group 
PDMS Polydimethylsiloxane 
PDMS I Polydimethylsiloxane Mwt. 1500 g/mol 
PDMS II Polydimethylsiloxane Mwt. 9600 g/mol 
PDMS III Polydimethylsiloxane Mwt. 69000 g/mol 
PE Polyethylene 
PLA  Polylactic acid 
PP Polypropylene 
PS Polystyrene 
PVC Polyvinyl chloride 
SK Soluble Keratin 
TEOS Tetraethyl orthosilicate 
THF Tetrahydrofuran 
A amino-silicon product type FS – 4708 
Q Silicon quat block copolymer product Magnasoft SilQ® 
QF Silicon quat block copolymer product Magnasoft SilQ® modified with fluorescence dye based on acridin 
AF Amino-silicon product type TFS – 4708 modified with fluorescence dye based on fluorescein 
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1. Introduction 
Chapter 1: Introduction 
Many of the textile fibres are made of natural polymers, such as cellulose, the base of cotton, 
flax, rami, or keratin, which makes wool fibres. On the other hand, chitosan, another natural 
polymer, is used to enhance the chemical and the physical properties of wool and cotton, 
imparting antimicrobial effect and enhancing dye uptake for many textile fibres. 
For these reasons, it would be useful to study the chemical and the physical structure of these 
natural polymers. 
 
1.1. Cotton Fibre 
Cotton is a natural vegetable single elongated fibre, developed from an epidermal cell of the 
cotton seed, which grows in many countries of the world. The individual cotton fibres consist 
of a single long tubular cell. Its length is about 1200-1500 times than its width, where, its 
length is varies from 12 to 60 mm and a width of 15-24 microns depending upon its source (1). 
The main producing countries of cotton fibre are the United States, Egypt and India. The 
highest quality cotton, which has very long and fine fibres, is growing in Egypt. It is generally 
recognized that, cotton is the most used textile fibre in textile industry. World textile fibre 
consumption in 1998 was approximately 45 million tons of this totals, cotton represented 
approximately 20 million tons (2). Due to its versatile uses; most consumers prefer cotton 
personal care items to those containing synthetic fibre, where it has several attractive and 
useful properties, such as comfortable, soft hand, absorbent, good colour retention, machine 
washable & dry cleanable, good strength, well durability and easily sewing & handling. 
 
1.1.1. Distinctive Features Morphology of Cotton 
Cotton fibre consists mainly of the outside cuticle, the primary wall, the secondary wall, and 
the hollow lumen, as shown in (Figure 1). The fibre cross section is essentially elliptical or 
kidney shaped.  A mature cotton fibre has a thick secondary wall and small lumen, about 90% 
of the fibre is secondary wall material (3). In the cotton fibre cell wall, the following parts can 
be distinguished: 
1. The cuticle (cotton wax) covering the primary wall, made mainly of a mixture of high 
molecular-weight, long-chain, saturated fatty acids and alcohols (with even numbers of 
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carbon atoms, C28 – C34), resins, saturated and unsaturated hydrocarbons, sterols, and 
sterol glucosides (4). 
2. The primary or outer wall, with the thickness of a 0.5 μm, is the original wall and 
consists of a mixture of cellulose crystalline fibrils (30%) and the remainder amorphous 
(5), waxes, and pectin. Amorphous cellulose microfibrils contain imperfections and more 
cellulose chain ends than crystalline cellulose. Together with cellulose, pectin is the 
dominant component of the primary cell wall, providing the network in which cellulose 
microfibrils are deposited and elongated. In  the outer primary wall, the cellulose fibrils 
are arranged almost perpendicularly to the long axis of the fibre, and in the inner part of 
this wall they are sometimes parallel to the fibre axis. Most non-cellulosic components of 
the fibre are found in the primary cell wall and cuticle. Proteins, hemicelluloses 
(xyloglucan), pectic substances (pectic acids and pectates of calcium, magnesium, and 
iron), waxes, sugars (from plants and insects), organic acids (mainly malic and citric), 
inorganic salts (phosphates, carbonates, and oxides), and pigments can be found in the 
primary wall and cuticle.  The thinner primary wall and cuticle cover the secondary wall 
and makes up roughly 5- 10% of the fibre weight. These components are formed during 
cell wall elongation, and their properties are much different from those of the secondary 
wall, which forms as the cell wall thickens. The primary wall and cuticle protect the fibre 
from moisture transfer, and provide lubrication important during fibre processing. This 
lubrication reduces the frictional forces between fibres. 
3. The secondary wall is consists of three layers and represent about 90% of the fibre 
weight; it is deposited beneath the primary wall, after the elongation of the cell has 
stopped. It is generally assumed that this deposition has a periodicity associated with day 
and night, which results in the formation of so-called growth rings (6). Between primary 
and secondary wall portions there is a winding layer (S layer), similar in structure to a 
layer of secondary wall, which covers the secondary wall.  Both of secondary wall and 
winding layer are laid down in a spiral around the fibre axis unfurl the fibrils at an angle 
of 20-35° helically around the fibre axis, may change, and the direction of the spiral 
reverses along the length of the fibre causing changes in the orientation of the fibre. The 
strength of the fibre is reduced around these reversals. Figure 2 has shown the 
morphology of cellulosic microfibrils of the secondary wall of cotton fibre. Where, it is 
appears very fine, also, this figure demonstrate that, they are close interconnection and 
strong interaction between the microfibrils component of cotton cellulose. 
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The lumen, which is referred to in the literature as, on one hand, a cell cavity containing the 
less structured and desiccated remains of the protoplasm, and, on the other, as a tubular space 
within the internal boundary of cellulosic walls of the cotton fibre, consisting of a wall or 
membrane surrounding the cell substance (7). 
In view of the finished qualities of cotton, consideration of the cross section of the cotton fibre 
is essential. Figure 3 illustrates the kidney-shaped cross-section of the cotton fibre (8). Figure 
3 shows various zones in the cross-section of cotton fibre, which are characterised and 
identified with transmission electron microscopy. 
 
 
Figure 1: Exploded diagram showing the microstructure and crystalline orientations in the 
native cotton fibre (9) 
 
     
Figure 2: Morphology of  cellulosic microfibrils of cotton fibre (10) 
A) SEM micrograph of a separated microfibrils from cotton fibre, B) TEM micrograph of a sheet of microfibrils 
from the cell wall of homogenized, hydrolysed cotton. Note the direct interconnections of varying size, which 
cross the fissures (small arrows). Note also the complete lack of evidence of discrete, separate microfibrils even 
in the thinnest parts of the sheet and C) TEM micrograph of a group of homogenized, hydrolysed, cotton 
microfibrils, which are linked together by branch points to form a network 
 
Cuticle Winding or 
Transition layer 
Lumen
Secondary wall
Purified 
Primary wall
A B C
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Figure 3: TEM micrograph of the cross section of cotton fibres after negative staining with 
phosphotungstic acid 
A) The cross section of single fibre of cotton, B) The secondary wall of cotton fibre, C)  The organisation of the 
microfibrils in the secondary wall of cotton fibre, and D) The structure of microfibril  in the secondary wall of 
cotton fibre with high magnification.  
 
 
Scheme 1: Exploded diagram of the cross-section of the cotton fibre after drying of the 
protoplasm (11) 
 
In the fine structure of cotton cross section, each area has its own organization to provide a 
different accessibility for performance chemicals and swelling agent. Zones A and B are the 
lowest affected areas by the collapsing of the fibre. They have the close-packed fibrillar 
structure and are the most resistant areas to chemicals. Zones C and N are the most affected by 
the collapsing, which strongly affects their fibril structure and therefore they are most 
accessible to chemical treatment (11). 
 
1.1.2. Molecular and Supramolecular Features of Cellulose 
The chemical composition of cotton fibres has been reported in detail in several studies before. 
(4, 12). The cotton consists of an assembly of cellulose chains connected via inter-chain 
hydrogen bonding. Cellulose makes up 95% of the cotton fibre after ginning. The secondary 
wall, which is almost entirely cellulose, consists of crystalline cellulose in multiple layers, 
called micro-fibrils.  
A B DC
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Cellulose is a complex composite material, which structurally comprises three hierarchical 
levels: i) the molecular level of the single molecule; ii) the super-molecular level concerning 
the packing of the molecules in crystals called micro-fibrils; and iii) the morphological level. 
Figure 4 illustrates the arrangement of micro-fibrils and interstitial voids in relation to the cell 
wall (13).  
 
Figure 4: Interpretation of cotton wall structure (14) 
 
The macro-fibrils consist of numerous microfibrils of cellulose interspersed by microporosities 
containing non-cellulosic wall materials. Micro-fibrils consist of bundles of cellulose 
molecules, partly arranged into micelles. Micelles are crystalline because of regular spacing of 
glucose residues which are connected by β-1,4-glucosidic bonds (14). 
 
1.1.3. Chemical Structure of Cellulose 
Cellulose is a linear polymer that consists of β-(1→4) linked D-glucose units with a degree of 
polymerization of up to 15000. Chemical structure of cellulose is illustrate in Scheme 2, 
where, an individual glucose unit within the chain presents a rotation of 180° with respect to 
the following glucose unit and within the cellulose chain; two linked glucose units form a 
cellobiose unit. At the end of the cellulose chain, two different terminal hydroxyl groups are 
found: the non-reducing end, which is confirmed by an alcoholic hydroxyl group, and the 
reducing-end, which presents an aldehyde hydrate group (15). 
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The molecular structure imparts cellulose with its characteristic properties: hydrophilicity, 
chirality, degradability, and broad chemical variability initiated by the high donor reactivity of 
the OH groups. It is also the basis for extensive hydrogen bond networks, which give cellulose 
a multitude of partially crystalline fibre structures and morphologies. The properties of 
cellulose are therefore determined by a defined hierarchical order in supramolecular structure 
and organization (16). 
 
Scheme 2: Chemical structure of cellulose 
 
There are three reactive hydroxyl groups (C2, C3, and C6) in each glucose unit. When these 
groups interact, they may form intramolecular and intermolecular hydrogen bonds. 
The chains consist of 2000–14,000 residues which form crystals (cellulose Iα) where intra-
molecular (O3-H-O5’ and O6-H-O2’) and intra-strand (O6- H-O3’) hydrogen bonds hold the 
network flat allowing the more hydrophobic ribbon faces to stack. Each residue is oriented 
180° to the next with the chain synthesized two residues at a time. This tendency to form 
crystals utilizing extensive intra- and intermolecular hydrogen bonding makes it insoluble in 
normal aqueous solutions (although it is soluble in special solvents such as aqueous N-
methylmorpholine-N-oxide, NMNO) (13). 
Moreover, these crystal regions are responsible for the limited solubility of cellulose and make 
it difficult for solvents and reagents to access areas within the cellulose fibres. It is thought that 
water molecules catalyze the formation of the natural cellulose crystals by helping to align the 
chains through hydrogen-bonded bridging, as shown in Figure 5 (17). 
The cellulose molecules in cotton are organized into parallel arrangements called crystallites, 
and subsequently into larger aggregates called fibrils. The elementary fibril is made up of 36 
cellulose chains (3) and is widely regarded as the basic crystalline unit of cotton cellulose (4). 
In nature, elementary fibrils associate into aggregates to form micro-fibrils and large 
aggregates called macro-fibrils. The reported dimensions differ slightly from a paper to 
another, but typically the elementary fibrils measure 3.5–10 nm wide, the micro-fibrils 10–
40nm and the macro-fibrils 60–300 nm (13). 
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Steric hindrance is an important consideration, particularly in the case of bulky reacting 
species; position 6 is least sterically hindered. Whenever the distance between the various 
oxygen and hydrogen atoms in the cellulose molecule reaches 3Å or less, they interact with 
each other to form intermolecular hydrogen bonding (18). 
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Figure 5: Unit cell of the crystal lattice of cellulose in the cotton fibre 
 
1.1.4. Physical Structure of Cellulose 
1.1.4.1. Crystalline and Amorphous Regions 
Hydrogen bonds, combined with other secondary valence forces (principally the van der Waals 
attraction), bind together portions of the molecular chains into various degrees of lateral order, 
ranging them perfect geometrical packing of crystal lattice with a size of 50 × 5 nm (crystalline 
region) to random condition (amorphous region) (19). Because of their high density and the 
strong hydrogen bonds, crystalline regions are not able to perform chemical reactions. Only 
alkali ions, during the mercerization, can flow into these areas. The groups located in 
amorphous region are highly accessible for chemical reaction and they play an effective role 
for the properties of cotton. 
 
Figure 6: Amorphous and crystalline regions of cellulose 
Chapter 1: Introduction 
DWI an der RWTH-Aachen University              8
1.1.4.2. Cellulose Accessibility and Reactivity 
Reactivity and accessibility have been used to describe the easiness with which cellulose can 
react. Reactivity of cellulose is the ability of the chain molecule to react with other molecules, 
whereas accessibility of cellulose defines the easiness of the functional groups of the chain 
molecule to be reached by the reactant molecule (20). 
The accessibility and reactivity of the cellulose structure has been a topic of high interest. The 
accessibility within the cellulose fibres is limited by the compact structure of cellulose, which 
is determined by the presence of highly ordered regions formed by strong hydrogen bonds (21). 
It has been proposed that the accessibility of cellulose depends mainly on the number and size 
of the pores in the cellulose structure; the size and type of solvent or reagent; the internal 
surface, as determined by the size of fibrils or fibril aggregates, that is accessible; and the 
structure of the cellulose molecules, which will determine which hydroxyl groups are 
accessible. Therefore, to increase cellulose accessibility, the pores must be opened, and both 
the fibril aggregates and the highly ordered regions must be altered (15). 
In recent years, several studies have proposed optimal pre-treatment, alone or in combination, 
to increase cellulose accessibility and reactivity. Among them, chemical, mechanical, and 
enzymatic treatments have been tested. 
 
1.1.5. Chemical Treatments 
The main purpose of subjecting the cellulose to chemical treatment is to increase the swelling 
of the fibres in different solvents. When the fibres swell, several hydrogen bonds are broken 
due to the high stress caused by swelling. As a result, the cellulose structure becomes less 
ordered − in some cases the highly ordered regions are completely disrupted − leading to an 
increase of the active surface area increase in the number of available hydroxyl groups and, 
therefore, the accessibility to solvents (22). Studies of the effect of chemical treatments on the 
activation of the cellulose structure include, among others, the use of different aqueous and 
nonaqueous solvents (23, 24) the use of sodium hydroxide as a swelling solvent (25-27) and the 
combination of sodium hydroxide and urea (28). 
 
1.1.6. Diffusion into Cotton Fibre 
As illustrated before, the finishing of cotton fibres in aqueous solution take place in the 
amorphous regions. Essentially two models have been proposed to explain the mechanism of 
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finishing process in such substrates, namely the pore and the free volume or (segmental 
mobility) models fibres (29). The basic principles of the two models are shown in the schematic 
Figure 7, where, it represents the schematic of the pore model and the free volume model of 
dye molecules migration into fibres. 
 
 ordered regions  amorphous regions 
 dye particles water or solvent molecules 
Figure 7: Schematic representation of the pore model (a) and free volume model (b) of dye 
migration in fibres (29) 
 
The pore model is based on the hypothesis that, under conventional finishing or dyeing 
conditions (i.e., in an aqueous finishing or dyeing bath), the fibres are solids containing 
networks of channels. These networks are not present in dry condition, filled with solution. 
These pores in untreated cotton have diameter of 2-6 nm and a length up to 50 nm, in which 
large molecules can store. The dissolved finishing chemicals molecules diffuse into these pores 
and adsorb onto the pores surfaces. For quantitative evaluation of the rates of diffusion, two 
parameters are of major importance, namely the porosity (i.e., the fraction of the total volume 
of fibres attributed to these pores) and the equilibrium of sorption of the dye or finishing agent 
in solution relative to the dye immobilized by sorption to the surface of the pores. Obviously, it 
is essential that the diameter of these pores be sufficiently large for the size of the chemical 
molecules or ions and that the network of pores be open to the bulk-finishing bath (30). 
The concept of free volume in polymer science is well described. The free volume is defined as 
the volume not occupied by the matter. More generally, the free volume can be specified as the 
volume of a given system at the temperature of study minus the volume of the same system at 
0 K. Thus, rearrangement of the free volume creates holes through which diffusing particles 
are able to pass through. All the species present in the system, solvent, solute and polymer 
contribute the free volume. The free volume theories are based on the assumption that the free 
volume is the major factor controlling the diffusion rate of molecules (31). 
A B
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The free volume model describes dyeing kinetics at the diffusion of dye molecules or ions 
through amorphous parts of the polymer matrix. The rate of diffusion is determined by the 
mobility of segments of the polymer chains. The most important argument for that theory is the 
observation that the temperature dependence of dyeing rates becomes smaller above a certain 
temperature. In other words, the resistance of the matrix structure of the fibre against dye 
diffusion is smaller above that temperature. It is called the glass transition temperature of the 
respective polymer (Tg), or more accurately, the glass transition temperature under dyeing 
conditions (i.e., in the presence of water) or the dyeing transition temperature (TD). Tg and TD 
correspond, on a molecular scale, to those temperatures at which the amorphous part of the 
polymer changes from a glassy into a viscoelastic state, or in other words, above which the 
amorphous parts become (micro-liquids) (31, 32). 
 
1.2. Chitosan 
Chitosan is a natural carbohydrate polymer composed of randomly distributed β-(1-4)-linked D 
glucosamine (deacetylated unit) and Nacetyl- D-glucosamine (acetylated unit). Chitosan is also 
prepared with a wide range of molecular weights, from chitosan oligomers to high molecular 
weight chitosan samples (33). Chitosan is a polycation whose charge density depends on the 
degree of acetylation and pH. This macromolecule can dissolve in diluted aqueous acidic 
solvents due to the protonation of –NH2 groups at the C2 position as shown in Scheme 3. 
Chitosan oligomers are also soluble under physiological conditions. Moreover, in acidic 
conditions, even fully protonated chitosan tends to form aggregates because of hydrogen bonds 
and hydrophobic interactions. This hydrophobic behaviour is based on the presence of both the 
main polysaccharide backbone and the N-acetyl groups at C2 position (34). 
 
Scheme 3: Chemical structure of chitosan 
 
As it can be seen in Scheme 3, chitosan has a primary amino group, and a primary and 
secondary free hydroxyl groups. The strong functionality of chitosan (two hydroxyl groups, 
C3, C6, and one primary amino group –NH2 (C2) per-repeat unit) gives it a considerable 
opportunity of chemical modification. Several reviews covering the chemistry of chitosan have 
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been recently published (35, 36). Chitosan can be depolymerised to reduce its molecular weight 
and viscosity, improving also its solubility in aqueous media. Chitosan solubility can also be 
modified by deacetylation or by the introduction of hydrophobic moieties that alter chitosan 
hydrogen bonds among other interactions. Since relevant chitosan properties (e.g. 
mucoadhesive properties, absorption enhancer) depend on the presence of a positive charge on 
the polymer, chitosan has been modified to introduce non-pH dependent positive charges on 
the chitosan backbone. To prepare amphiphilic chitosan derivatives, hydrophobic moieties 
have been introduced into the chitosan backbone by using different methodologies such as 
alkylation, acylation and graft polymerization among others (37). 
Chitosan is a non-toxic, biodegradable and biocompatible polymer, which presents very 
interesting biological properties (38, 39). It is currently explored intensively for its application in 
several fields such as pharmacy, biomedicine, agriculture, food industry, textile industry and 
biotechnology (40, 41). 
 
1.3. Wool Fibre 
1.3.1. Morphology  
The morphological structure of wool fibre is extremely complex. Fine wool contains two types 
of cells; the cells of the external cuticle and those of the internal cortex. These constitute 
together the major part of the mass of clean wool fibre as seen in Figure 8. Coarse Keratin 
fibres may contain a third type of cells, those of the medulla (20). 
 
Figure 8: The morphological structure of wool fibre (20) 
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Keratin intermediate filament in wool proteins (KIF) form an essential structural component of 
macro fibrils that mainly contributes to the strength and elasticity of the fibres. The tertiary and 
quaternary structures of a KIF protein are complex and are highly ordered as seen in Figure 8 
(42). 
Cuticle cells are separated from the underlying cortex. The cell membrane complex separates 
cortical cells from each other. A fine wool fibre can, therefore, be considered as an assembly 
of cuticle and cortical cells held together by the cell membrane complex, which itself have 
several components (20). 
The cell membrane complex is of particular importance because it constitutes the only 
continuous phase in wool. The cell membrane complex separates the cuticle and cortical cells 
in wool fibres. It provides adhesion between the cells and can be partly dissolved or disrupted 
by enzymes or formic acid. These treatments eventually lead to separation of the fibre into its 
constituent cortical, cuticle and cuticle cells (43). 
The cuticle cells generally known as scales form the outermost layer of the individual fibre and 
vary in relative size and arrangement.  
The cortex comprising 90% of the fibre consists of different kinds of cortical cells, ortho-
cortex (60–90%) and para-cortex cells (40-10%). The latter contains a larger amount of 
sulphur than the former and hence is more cross-linked. The two different cortical cells in 
merino fibres are arranged in a bilateral manner and the borderline between the ortho- and 
para- cortex proceeds in a helical manner along the fibre axis resulting in a stable crimp. 
The division of the cortex to component cortical cells and smaller units can be achieved by 
enzymatic degradation. A similar separation can be achieved by the use of strong concentrated 
acids such as formic, sulphuric or by concentrated ammonia. The medulla is found in coarsest 
fibres. The absence of a medulla distinguishes fine wool from all other hairs. 
 
1.3.2. Chemical Composition  
Wool is a member of a group of proteins known as keratin. Keratin has also been classified as 
β- or α-types according to their X-ray diffraction patterns. The basic building blocks of all 
proteins are amino acids which are linked together by the peptide bond to form polypeptide 
chains (43). 
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Pure wool in fact contains only approximately 82% of the keratinous proteins, which are 
characterized by a high concentration of cystine. Approximately 17% of wool is composed of 
proteins which have been termed non-keratinous, because of their relatively low cystine 
content. Wool fibre also contains approximately 1% by mass of non-proteinic material that 
consists mainly of waxy lipids plus a small amount of polysaccharide material (43). The basic 
structural units of wool proteins are α -amino acids, where the side-chain R can be an aliphatic 
or an aromatic or other cyclic groups (43). Proteins are formed by condensation of L- α -amino 
acids via their carboxyl and amino groups. Two amino acid molecules can condense to form a 
dipeptide; condensation of further molecules of the same or different amino acid produces a 
linear polymer as shown in Scheme 4: 
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Scheme 4: Formation of dipeptiede compound 
 
Such a compound can be regarded as a polyamide, because each structural unit is joined by an 
amide group. In the case of proteins, however, the repeated unit (-NHCHRCO-) is referred to 
as a peptide group, and compounds containing multiples of this group is known polypeptides. 
Complete hydrolysis of wool yields a mixture containing from 18 to 22 different amino acids 
as given in Table 1 (44, 45). 
The individual peptide chains in wool are held together by various types of cross links and 
interactions forming both inter- and intra-chain bonds. With respect to the properties and 
performance of wool, the inter-chain bonds are the most important (see Scheme 5) (46, 47). 
Wool lipids contain a small amount (0.8-1.0% by mass) of lipid material. This is believed to be 
concentrated in the intercellular regions of the fibre. The material extracted from pure wool by 
solvents was shown to contain a high proportion of fatty acid cholesterol and lanosterol (48). 
The fatty acids are different from those present in wool grease. Extracts of internal lipids from 
wool also contain sterols, triglycerides, diglycerides, and polar lipids, in particular 
sphingolipids and phospholipids (49). 
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Table 1: Chemical structure of major amino acids in wool keratin 
Amino acid 
(Nature of side 
chain) 
Structure 
Amino acid 
(Nature of side 
chain) 
Structure 
Glycine 
(Hydrocarbon) NH2
HCHCOOH
 
Serine 
(Polar) NH2
CHCOOHCH2OH
 
Alanine 
(Hydrocarbon) NH2
CHCOOHCH3
  
Threonine 
(Polar) 
CH
OH
CH
NH2
CH3 COOH
 
Phenylalanine 
(Hydrocarbon) 
CH2CH
NH2
COOH
 
Tyrosine 
(Polar) 
CH2CH
NH2
COOHOH
 
Valine 
(Hydrocarbon) 
CH
CH3
CH
NH2
CH3 COOH
 
Methionine 
(Sulphur containing) NH2
CHCOOH(CH2)2CH3S
 
Leucine 
(Hydrocarbon) 
CH
CH3
CH3 CH2 CH
NH2
COOH
 
Cystine 
(Sulphur containing) NH2
CHCOOHCH2SSCH2CHHOOC
NH2
Isoleucine 
(Hydrocarbon) 
CH3CH2 CH CH
NH2CH3
COOH
 
Aspartic acid 
(Acidic) NH2
CHCOOHCH2HOOC
 
Lysine 
(Basic) NH2
CHCOOHCH2NH2
 
Glutamic acid 
(Acidic) NH2
CHCOOHCH2CH2HOOC
 
Histidine 
(Basic) 
N
N
H
CH2
NH2
CHCOOH
 
Proline 
(Heterocyclic) N
H
COOH
 
Arginine 
(Basic) NH2
CHCOOH(CH2)3NH
C
NH
NH2 Tryptophan 
(Heterocyclic) 
NH
CH2
NH2
CHCOOH
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Scheme 5: Chemical structure of wool keratin (46) 
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1.4. Polymer Reinforced Composites  
Polymer composites are of an increasing interest for some decades. However, the increased 
environmental concern has pointed out that it is also necessary to reduce and rationalize the 
use of polymeric materials, not only due to their non-biodegradability, but because their 
production requires large amount of oil as raw material which is notoriously not renewable (50). 
Composite materials replace day by day the conventional other materials due to their 
lightweight, high strength, design flexibility and long life. In textile industry, there is an 
increase demand for using composite materials. 
Composite materials are manufactured, three-dimensional combination of at least two 
chemically distinct materials, with a distinct interface separating the components, created to 
obtain properties that cannot be achieved by any of the components acting alone. 
If the composite is designed and fabricated correctly, it combines the strength of the 
reinforcement with the toughness of the matrix to achieve a combination of desirable 
properties not available in any single conventional material. The downside is that such 
composites are often more expensive than conventional materials (51). 
There are five basic types of composite materials: Fibre, particle, flake, laminar or layered and 
filled composites (52). Figure 9 show the types of composites based on the form of 
reinforcement. In fibre composites, the fibres reinforce along their length axis. Reinforcement 
may be 1-D (gives maximum strength in one direction), 2-D (gives strength in two directions), 
or 3-D (isotropic strength in all directions). The particle-reinforced composites dimensions are 
approximately the same in all direction. Structural composite are combination of composites 
and homogeneous materials. Flack composites, because of their shape, usually reinforce in 2D. 
Two common flake materials are glass and mica. Laminar composites involve two or more 
layers of the same or different materials. The layers can be arranged in different directions to 
give strength where needed. Speedboat hulls are among the very many products of this kind. 
There are two types of filled composites. In the first one, the filler materials are added to a 
normal composite resulting in strengthening of the composite and reducing its weight. The 
second type of filled composite consists of a skeletal 3-D matrix holding a second material. 
The most widely used composites of this kind are sandwich structures and honeycombs. 
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Figure 9: Types of composites based on the form of reinforcement (52)  
 
The choice of individual compounds for composite, the processing required producing the 
composite, and the mechanical behaviour of the composite are the most important factors for 
the ultimate performance off composite. However, an addition and a very important factor that 
enters into the evaluation of the performance of composite in the presence of an interface 
region between the matrix and the reinforcement, which can occupy a rather large area. 
 
1.5. Functional Chemical Finishing of Natural Polymer 
Since cotton has always played an important part in textile industry, it is an important valuable 
need to enhance its properties and understanding the interaction between cotton cellulose and 
the finishing agent, to establish the optimum conditions of dyeing or finishing process. Dyeing 
and finishing processes renders most of the commercial value of a fabric. It is achieved either 
by coating (pigment printing and finishing) or by infiltrating (finishing, printing and dyeing) 
the fibres. 
Finishing is the final group of operations that produces finished textile fabric. They are 
predominantly wet operations and involve the addition of chemicals to textiles to achieve the 
desired result. Physical properties such as dimensional stability and new properties such as 
flame retardancy, water- or oil-proofing, staining resistance and self-cleaning can all be 
improved with chemical finishing. Typically, the appearance of the textile is unchanged after 
chemical finishing. Some effects are similar, or assist each other (like for example silicone 
elastomers for water repellency, and those for softeners); some others are contradictory, for 
example a hydrophobic finish and a hydrophilic antistatic finish. Others may reduce the effect 
of a finish, as for example nearly all other types of chemical finishes decrease the flame 
retardant effect. Fortunately, true antagonistic and true synergistic effects are rare. Still, the 
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finisher is glad when the various finishing products do not interfere. During recent years the 
trend for ‘high tech’ products amplified the interest for using chemical finishes. As the use of 
high performance textiles has grown, the need for chemical finishes to provide the fabric 
properties required in these special applications has grown accordingly. 
 
1.5.1. Infiltration of Silicone Compounds into Cotton Fibres 
A fabric intended for the manufacture of garments needs to possess certain specifications. For 
example, some interlining fabrics are required to have properties such as stiffness, crease 
resistance, wash fastness and suitable soft handle. Therefore, a composition of resins and 
chemicals such as stiffening, cross-linking, softening, and water repellent agent is used for 
producing interlining cotton fabrics.  
One important property of a fabric is its softness. An increased friction between fibres causes 
harsh handle. For solving this one applies cationic or silicon softeners (53). 
Siloxanes have low surface energy, excellent lubricity, heat stability, and limited solubility in 
organics, coupled with water insolubility, at the molecular level of the fabric. Softening 
properties of siloxanes are believed to be due to the flexibility of the siloxane backbone that 
results from the freedom of rotations about the Si-O-Si linkages and the low interaction 
energies of the methyl groups. At room temperature, there is virtually no energy barrier to 
prevent molecular flexing. Consequently, siloxanes act as highly effective lubricants in 
reducing fibre-on-fibre friction. Siloxane functional groups provide strong attractive 
interactions between the fabric softener and the cotton surface, without which the softener 
would wash off over time (54-56). To enhance durability through multiple wash cycles, some 
methyl groups can be replaced on the silicone polymer by other functional groups to increase 
the infiltration and interaction of silicone softener into the cotton fibre and the attraction of the 
softener to the surface of the fibre (55, 57). 
A variety of silicone technologies has applications in the textile industry. They include: 
− Polydimethylsiloxanes   – Amino-/amido-functional silicones 
− Silicone elastomers   – Methyl hydrogen silicones 
− Silicone polyethers   – Epoxy-functional silicones 
− Epoxy polyether silicones  – Hydroxy-functional silicones 
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The siloxane portion of this polydimethylsiloxane (PDMS) polymer exhibits a unique 
flexibility that results into a low energy of rotation around the Me2Si-O- bond. The low rigidity 
of the backbone allows the methyl groups to be easily exposed, resulting in low intermolecular 
interactions of PDMS and its low surface tension. This particular molecular structure explains 
the lubrication characteristic of siloxanes (58). 
Amino-modified silicones, are well recognized as premium fabric finishing agents especially 
as a softener for cotton fabric, they not only provide unsurpassed softness but also improve 
many fabric physical properties such as durable press performance (54, 59). In this respect, 
amino-functional groups like –CH2–CH2–CH2–NH–CH2–CH2–NH2 are particularly popular for 
increasing physical adsorption and providing better softening properties. During the 
application generally done in acidic conditions, these amino groups are quaternized to cationic 
species (–NH+3), which have a stronger attraction for the negatively charged fabric. This is 
particularly true for cotton-based fabrics, which carry anionic charges on their surface. This 
improves deposition, performance and durability of the softener coating (54, 55, 57). 
The amino-functional silicones are best delivered to the textile surface under the form of a 
micro-emulsion. This offers a number of advantages if compared to macro-emulsions. The 
quality of a micro-emulsion is easily controlled: visual appearance and good clarity ensures 
small particle size and long shelf life without the need of any sophisticated particle size testing 
equipment. Micro-emulsions have also excellent shelf stability and allow for higher dilutions 
with better shear stability (58). On the other side, micro-emulsions are often formulated with 
high levels of surfactants, and these can affect the softness normally provided by the silicones. 
Such surfactants must be carefully selected (57, 59). 
In recent years ammonium functionalized silicones, so called siliconequats, became widely 
popular as fabric softeners. Fabrics treated with these functionalized silicones are characterised 
by a g good soft handle, improved good washability and a lower tendency for yellowing. 
 
1.5.2. Infiltration of Cotton and other Materials in the Matrix of 
Thermoplastic Polymers (Melt Infiltration) 
The matrixes in composite materials have the role of transferring the mechanical loading to the 
fillers (reinforcing materials), and to protect them from the outside environment. The matrixes 
must therefore be quite flexible and offer good compatibility with the fillers. In addition they 
must have a low density to keep in the composite’s high specific mechanical characteristics 
(60). Polymers are used as the matrix phase for the composites namely polymer matrix 
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composites. The polymers are divided into thermosetting, and thermoplastic polymers, 
respectively (61). The two types of polymers are able to be moulded or manufactured in order to 
yield either a finished or a semi-finished product whose form can be modified (60). 
Almost 85% of polymer products produced worldwide are thermoplastic. Over 70% of the total 
production of thermoplastics is accounted for by the large volume, low cost commodity resin: 
polyethylene (PE) of different densities, isostatic polypropylene (PP), polystyrene (PS), 
polyvinyl chloride (PVC), and polylactic acid (PLA). Next in performance and cost are 
acrylics, acrylonitrile-butadiene-styrene (ABS) terpolymers, and high-impact polystyrene 
(HIPS) (62). 
Thermoplastic materials are, in general, ductile and tougher than thermoset materials and are 
used for wide variety of non-structural applications. Thermoplastics can be re-melted by 
heating and solidified by cooling, which render them capable of repeated reshaping and 
reforming. 
a) Advantages of thermoplastic composites 
The advantages of thermoplastic composites include (61): 
? Their processing is faster than for thermoset composites since curing reaction is 
required. Thermoplastic composites only require heating, shaping and cooling. 
? The properties are attractive, in particular, high delaminating resistance and damage 
tolerance, low moisture absorption and the excellent chemical resistance of semi-
crystalline polymers. 
? In light of environmental concern, thermoplastic composites have very low toxicity 
since they do not contain reactive chemicals (therefore storage life is infinite). It is 
possible to re-melt and dissolve such thermoplastics; their composites are also easy 
recycled or combined with other recycled materials of the market for moulding 
compound. 
b) Disadvantages of thermoplastic composites 
The main disadvantage of thermoplastic composites is that they require heavy and strong tools 
for processing. 
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1.5.2.1.1. Polylactic acid 
Polylactic acid (PLA) is at present one of the most promising biodegradable polymers 
(biopolymers) and has been the subject of abundant literature over the last decade. PLA can be 
processed with a large number of techniques and is commercially available (large-scale 
production) in a wide range of grades (63). 
Polylactic acid or (PLA) is an aliphatic amorphous or semi crystalline polyester derived from 
100% renewable resources (carbohydrates), such as corn and sugar beets. Its spread on the 
market of plastic material has been initiated by the development of new polymerization 
technique in the last 1990s (64). The building monomer of PLA, lactic acid (2 hydroxy 
propionic acid), is obtain from fermentation of plants. Industrial synthesis of this monomer is 
possible but the production obtained is not suitable for further PLA production (65). The 
synthesis of PLA is a multistep process that starts from the production of lactic acid and ends 
with its polymerization. An intermediate step is often the formation of the lactide. Scheme 6 
shows that the synthesis of PLA can follow three main routes. Lactic acid is condensation 
polymerized to yield a low molecular weight, brittle polymer, which, for the most part, is 
unusable, unless external coupling agents are employed to increase its chains length. Second 
route is the azeotropic dehydrative condensation of lactic acid. It can yield high molecular 
weight PLA without the use of chain extenders or special adjuvants. The third and main 
process is ring-opening polymerization (ROP) of lactide to obtain high molecular weight PLA, 
patented by Cargill (US) in 1992 (63). Lactic acid exists in two different optically active L and 
D-entantiomers, L-lactic acid being the most commonly product from the renewable resource 
(66). Finally, lactic acid units can be part of a more complex macromolecular architecture as in 
copolymers. 
Depending on the proportion of each stereoisomer in the final polymer, PLA exhibits different 
behaviours and properties. A pure polymer will have higher crystallinity together with higher 
melting and glass transition temperature. The generally available PLA, containing only few 
percent of D-enantiomers, is characterized by a glass transition which around 58°C and a 
melting point around 170°C that can vary from 120°C to 180°C with increasing optical purity 
from 80% to 100% (64). Crystallization temperature of PLA is generally found between 90 – 
110°C, depending on the nature and the thermal history of the material (66-68) . 
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Scheme 6: Synthesis methods for polylactic acid (63) 
 
At ambient temperature, PLA is a brittle material, the elongation at break varying between 2.5 
and 6.0 % (64, 67-69). The tensile is generally measured between 50 and 60 MPa, and the tensile 
modulus ranges from 0.6 to 3.5 GPa depending on the studies (64, 67, 69, 70). while flexural 
strength and modulus are found around respectively 100 MPa and 3.3 GPa (71). The specific 
gravity is about 1.25 g/cm3. The large range of values found in the literature, especially for the 
tensile modulus, can be explained by variations in the optical purity and processing 
parameters, which both influence on the final physical properties of the material.  
Biodegradation of PLA is claimed as an absolute advantage, and this refer to the relatively 
high degradation rate of this polymer in compost soil. In favourable conditions (compost at 
60°C), the total degradation could take only a month (64, 72). Below 40°C, the degradation is 
much slower. This also emphases the thermal instability of PLA that will unavoidable undergo 
the depolymerisation during processing, to an extend which depends on the duration and 
temperature. 
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1.5.2.1.2. Polypropylene 
Polypropylene (PP) is a thermoplastic matrix material that received attention for the production 
of polymer composites. PP was first product produced by Giulio Natta in 1954, following the 
work of K. Ziegler on the polymerisation of propylene monomer (Scheme 7) (73). The 
macromolecules of PP contain 10000 to 20000 monomer units. The steric arrangement of the 
methyl groups attached to every second carbon atom in the chain may vary (Scheme 7). If all 
the methyl groups are on the same side of the winding spiral chain molecules, the product 
referred to as isotactic PP. Polypropylene structure where pendant methylene groups are 
attached to the polymer backbone chain in an alternating manner is known as syndiotactic PP; 
the structure where pendant groups are located in a random manner on the polymer backbone 
is atactic form (74). 
Polypropylene is characterized by a glass transition around -10°C and a melting point around 
157°C (75). Crystallization temperature of polypropylene is generally found around 114.5°C, 
depending on the nature and the thermal history of the material (76). 
The elongation at break is 100 %.  The tensile is generally measured between 40 and 50 MPa 
(77), and the tensile modulus ranges from 1.6 to 1.9 GPa (78) while flexural strength and 
modulus are found around 40 MPa and 1.5 GPa respectively. The specific gravity is about 0.97 
g/cm3 (79). 
Polypropylene is a widely used polymer for textile fibre formation because of its 
characteristics: 
1. Good bulk and cover, lightweight (olefin fibres have the lowest specific gravity of all 
fibres) 
2. Resistant to deterioration from chemicals, mildew, insects, perspiration, rot and 
weather 
3. Lowest static component of any man-made fibre - High strength (wet or dry) 
4. Good washability, quick drying, unique wicking  - Good abrasion resistance 
5. Resilient, moldable, very comfortable - Low moisture absorption 
6. Stain, soil and Sunlight resistant - Thermally bondable  
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Scheme 7: Chemical structure of PP molecules in isotactic, syndiotactic and atactic form (74) 
 
Polypropylene is extremely versatile as a fibre-forming material, whereas polyethylene is not 
as good a fibre-forming high polymer material. Since its introduction into the textile industry 
in the 1950s, the list of successful products and markets for polypropylene fibre has increased 
exponentially (80). There are six important processing methods for polyolefins, namely: 
injection moulding, rotational moulding, blow moulding, extrusion, blown film extrusion and 
cast film extrusion.  A major virtue of polypropylene is its ability to be used in a wide range of 
fibrous forms (81). Fibrous forms of polypropylene include staple, bicomponent staple, 
monofilament, multifilament, slit film yarns, slit-fibrillated film yarns, spun-bonds, melt blown 
nonwovens, synthetic pulps, and extruded nettings. It can be made into ropes and cordage, 
primary and secondary carpet backing, carpet face yarns, upholstery fabrics, geotextiles, 
filtration materials, horticulture/agriculture materials, automotive fabrics, spill-cleanup 
materials, disposable diapers, hospital/medical care materials, and protective clothing. The 
melting point of polypropylene (160-170°C) is an advantage in many nonwovens processing 
steps. PP fibre can be softened sufficiently to bond to one another without destroying fibre 
properties. Nonwoven fibres made from polypropylene can therefore be fusion-bonded, 
eliminating the need for chemical binders. The benefits of this technique include both energy 
saving and environmentally friendliness. Uses of thermally bonded cover stock in baby diapers 
and similar products will result in a markedly increased use of polypropylene. The fusion 
characteristics of polypropylene are used not only to bond carded webs but also to improve the 
dimensional stability of needle-bonded fabrics. A large amount of engineered fabrics for road 
stabilization, dam and lake reinforcement, soil stabilization and roofing are made from 
polypropylene fibres/film extrusion and cast film extrusion. 
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Melt-blown fabrics are widely used in filtration media, battery separators, etc. The relatively 
high melting point allows PP nonwovens to be used up to the temperature of 120°C before 
softening occurs. The soft hand and hydrophobic properties make PP nonwovens particularly 
suitable for hygiene products, baby diapers and adult incontinent. Spun bond and melt-blown 
are the two main processes for polypropylene nonwoven fabrication. Both techniques require 
PP resins with high melting flow rate and relatively very narrow molecular weight distribution. 
The fibres produced in spun-bonded nonwovens are spun filaments, whose diameters are in the 
range of 10-35 µm, whereas the fibres of melt-blown nonwovens are usually discontinuous and 
much finer, typically less than 10 microns. This partially explains why melt-blown webs are 
usually weaker than spun-bonded webs. The processability of a polymer is highly dependent 
on its rheological properties, which have close relationship with its molecular weight, 
molecular weight distribution, and temperature and shear rate. PP resins are generally 
categorized according to their melt flow rates (MFR), which is the amount of material that 
passes through a standard die hole for ten minutes. Polymers with higher molecular weight 
have lower MFR and higher viscosity (under a given temperature). Commercial polypropylene 
has a wide range of MFR from 0.25 to 1200. MFR is a very important parameter for both melt-
blown and spun-bond processing. PP melts exhibit non-Newtonian viscosity, normal stress in 
shear flow, excessive entrance and exit pressure drop, die swell, melt fracture and draw 
resonance. PP melts are more viscoelastic than PET and nylon melts. The flow pattern and 
stability of PP melts are highly dependent on the shear rate. Above the critical shear rate, melt 
fracture may occur. 
Processability of polypropylene fibre is also influenced by the die geometry. The L/D ratio has 
to be optimized to reduce instability and the effects of PP's high viscosity. Both melt fracture 
and draw resonance represent instabilities in flow. Draw resonance is a periodic variation in 
diameter of a spinning thread line above a critical draw-down ratio. Slowing down the drawing 
operation or a suitable cooling procedure may prevent this. In addition, processability of 
polypropylene fibre can also be affected by other factors such as finishing.  
Since unmodified polypropylene is not dyeable, pigmentation has become the preferred way of 
coloration in textile and textile-related applications. Generally, the fastness properties of 
pigmented fibres are superior to those of dyed fibres. Pigmented polypropylene fibres have 
become established for contract carpets, indoor/outdoor carpeting, synthetic turf, and other 
applications, in part because of their superior fastness properties. Light stabilizers have helped 
to open new markets for products intended for use outdoors, and improved heat stabilizers 
have boosted extrusion efficiency and allowed use of more recycled material. 
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2. Monitoring the Penetration of Linear PDMS Compounds into 
Cotton Fibres 
Chapter 2: Monitoring the Penetration of Linear PDMS Compounds into Cotton Fibres 
2.1. Introduction 
Textile finishing provides a way to impart new and diverse properties to textiles while 
retaining comfort and mechanical strength (82). Chemical compounds containing silicon-oxygen 
(Si–O) bonds (such as polydimethylsiloxane; PDMS) are used in the textile industry as 
finishing agents: softeners, antistatic, antisoil and anticrease. 
Silicones have wide applications in the textile industry from fibre, yarn and fabric production 
to final product finishing. Their distinctive chemistry imparts a range of characteristics, 
including improved softness, dimensional stability, fabric physical properties, wrinkle 
recovery, and stretch (55). Silicones can also be used to provide hydrophilicity (83) or 
hydrophobicity, static control, lubrication, antimicrobial treatments and anti-slip properties (84-
86). A variety of silicone technologies has different applications in the textile industry (86). 
The vast majority of silicon compound used in the textile sector are linear polydimethyl 
siloxanes (PDMS). Because of their inorganic – organic structure and the flexibility of the 
silicone bonds, silicones have some unique properties including low surface energy (87), 
excellent lubricity, heat stability, high compressibility, low surface tension, hydrophobicity, 
good electric properties, low fire hazard and limited solubility in organics coupled with water 
insolubility. At the molecular level, the fabric softening properties of siloxanes are believed to 
be derived from the flexibility of the siloxane backbone (57, 88), that results from the freedom of 
rotations about the Si-O-Si linkages and the low interaction energies of the methyl groups. At 
room temperature, there is virtually no energy barrier to prevent molecular flexing (57, 88). 
Consequently, siloxanes act as highly effective lubricants in reducing fibre-on-fibre friction. 
Siloxane functional groups provide strong attractive interactions between the fabric softener 
and the cotton surface (89). 
Different analytical techniques were used to detect the silicon compounds on textile fabrics (90). 
The most common one is Infrared spectroscopy and, in particular, Fourier Transform Infrared 
spectroscopy (FT-IR), is widely available and the easiest technique for detecting the presence 
of silicones in textile fabric (91) and obtaining information about their structure. Silicones have 
strong absorption bands in the IR spectrum range, at 1260, 1100-1000 and 770 cm-1, meaning 
that, levels as low as 1% can be detected. X-ray photoelectron spectroscopy (XPS) and time of 
flight-secondary ion mass spectrometry (TOF-SIMS) are more sophisticated techniques that 
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can also be applied to detect and characterize silicones within the 10-50 Å depth layers from 
the surface of materials (92-94). DSC and TGA also were used to provide the presence of silicon 
in the textile material. 
Confocal Raman microscopy (CRM) is now commonly used as a complementary adjunct to 
other molecular spectroscopy techniques such as UV-vis, FT-IR, and NMR. It is particularly 
suited to investigating such distributions within polymers, as spectral information is recorded 
as a function of depth within the sample (95). it permits analysis of very small fragments and 
particles. For this reason, it is becoming an increasingly important analytical tool in the area of 
polymer science. CRM traditionally uses a dry, metallurgical objective to focus the laser light 
into the sample and to collect the backscattered light. However, interpretation of the Raman 
depth profile data is complicated by refraction effects occurring at the air/sample interface (96-
98). A Confocal Raman Microscopy spectrum provides information on the vibrational modes 
characteristic of chemical groups within a sample. The technique relies on the analysis of 
additional frequencies present in the radiation scattered from a sample on exposure to laser 
light of a well-defined frequency. This technique complements infrared spectroscopy and 
offers advantages in sample preparation, the use of non-infrared optics and, more recently, its 
ready adaptation to microscopic studies. Raman spectroscopy is particularly valuable for 
identifying natural textile fibres such as wool (99) and cotton and synthetic fibres such as 
polyester and nylon (100-103). Also it has been used to study the distribution of the dye molecules 
inside the fibres (101, 104). The CRM technique has been successfully used to determine the 
configuration of polypeptide’ chains of constituent proteins in feather keratin (100, 101) and to 
investigate structural changes in wool fibres due to annealing (105). CRM has also been applied 
(in situ) to study diffusion of penetrate species through a membrane (106) and the diffusion in 
multi-component liquid systems (107). 
In this work, to study the suitability of CRM for detecting and monitoring molecules 
interpenetrating cotton fibres, liner PDMS with different molecular weight was chosen to act 
as a model of penetrating molecules into cotton fibres. CRM has been applied to cotton fibres 
treated with liner PDMS with different molecular weight and in different treatment media 
(aqueous and hexane) to study the distribution of PDMS into the cotton cellulose. 
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2.2. Experimental 
2.2.1. Materials 
Cotton fibres were provided from WFK Testgewebe GmbH (Germany), Poly(dimethyl 
siloxane) (DMS alpha;-sec. Butyl omega;- trimethyl siloxy terminated, see Figure 10) with 
different molecular weight (PDMS I; Mw= 1500 g/mol, PDMS II; Mw= 9600 g/mol, PDMS 
III; Mw= 69000 g/mol) was produced by Polymer Source company , Silicon oil (Mw= 6000 
g/mol) and hexane were purchased form Sigma – Aldrich. 
C
H2
CH3 CH
Si O Si CH3
CH3
CH3
CH3
CH3
n 
CH3
  
Si O
CH3
CH3
n 
 
(a)                  (b) 
Figure 10: Chemical structure of a) DMS compounds and b) silicon oil 
 
2.2.2. Methods 
2.2.2.1. Treatment in Aqueous Solution 
Fine, stable, mechanically prepared micro-emulsions have been made using sonificator 
(Bandelin electronic UW60) and magnetic stirrer for a variety of polyorganosiloxanes 
compounds and silicon oil. Cotton fibres were immersed in the previously made emulsions 
with 1:20 LR and the concentration of the treatment bath was 0.5 % w/w at pH = 5.4 for 30 
min. at different reaction temperatures (25, 50 and 60°C, respectively). After the treatments, all 
samples were washed in aqueous solution, containing 1 % v/v silicate free detergent at 50°C 
for 10 min to remove the unreacted silicon compounds and then dried at room temperature. 
 
2.2.2.2. Treatment in Hexane Media 
Because of the solubility of polydimethyl siloxane (PDMS) in hexane, it was used as a 
treatment media for cotton, where, it expected to provide good infiltration to PDMS 
compounds and silicon oil into cotton fibres. Cotton fibres were treated with mixture of PDMS 
or silicon oil in hexane medium. The concentration of PDMS in the treatment bath was 0.5 % 
w/w and the LR was 1:20. The fibres were treated for 30 min. at different reaction 
temperatures (25, 50 and 60°C, respectively). After the treatments, all samples were washed in 
aqueous solution, containing 1 % v/v silicate free detergent at 50°C for 10 min to remove the 
unreacted silicon compounds and then dried at room temperature. 
2011 
  Amina L. Mohamed 29
2.2.3. Measurements 
2.2.3.1. Confocal Raman Microscopy (CRM) 
Confocal Raman microscopy (Raman RFS 100/S from Bruker Optic Co., laser Nd:YAG 1064 
nm (NIR), Laser Power 200 mW) permits to evaluate the distribution of siloxane compounds 
across a single cotton fibre on the surface and in the bulk (4µm depth under on the surface). 
The presence of siloxane compound was providing by the presence of the peak between 710 
and 720 cm–1 in Raman spectrum, which related to the valence oscillation of Si-C of Si-CH3 
group. All Raman spectrums were integrated during 20 sec with 4 cm-1 of resolution on the 
surface and 4 µm depth under on the surface. 
 
2.2.3.2. Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy HITASHI S–3000 microscope S, at 15–kV acceleration 
voltage, after gold coating, was used to visualize the distribution of the polymers (droplet or 
film) coated the fibre surface. 
 
2.2.3.3. Fourier Transform Infra-Red Spectroscopy (FT-IR) 
The FT-IR tester of Nicolet Magna-IR 560 spectrometer was used to analyse the spectrum of 
the treated and the untreated samples. Resolution for the infrared spectra was 4 cm-1 and there 
were 32 scans for each spectrum. KBr was used to prepare the thin film together with the 
samples. The tester collected transmittance of the infrared in the film between 400 and 4000 
cm-1. 
 
2.3. Results and Discussions 
The interesting goal of this study is to investigate the suitability of confocal Raman 
microscopy to monitoring the interpenetrated molecules into cotton fibres. PDMS compounds 
were used as a model for interpenetrated molecules. In this context, the infiltration of different 
molecular weight PDMS compounds into cotton fibre in two different media was investigated. 
The study was started using silicon oil, which is the earliest silicon product used in textile 
sector, then, studied the infiltration of different molecular weight of liner PDMS in aqueous 
solution as a classical finishing medium and hexane medium into cotton fibres. 
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CRM was used as new technical analytical tool to detect the presence of liner PDMS which 
deposited on the surface or infiltrated in the bulk (4µm depth under the surface) of the treated 
fibres. 
 
2.3.1. Treatment with Silicon Oil  
Cotton fibres were treated with silicon oil in two different media (aqueous solution as 
(oil/water emulsion) and hexane), and then the treated fibres was undergoing to CRM analysis. 
To establish the suitability of CRM to detect the silicon products, the CRM result were 
compared with the FT-IR result for the same treated fibres to see if they are agree with each 
other or not. SEM was used to visualize the distribution of the silicon oil (droplet or film) 
coated the fibres surface. 
The cotton fibres were treated with silicon oil (6kDa) in aqueous media as (oil/water emulsion) 
and hexane medium during 30 min at 50°C and drying at 25°C. The Raman spectra show the 
presence of characteristic peak of silicone (about 710-720 cm-1) on the surface and in the bulk 
(4µm depth under the surface) of treated fibres in case of using aqueous medium while this 
peak is absent in the spectra of fibre treated in hexane medium (see Figure 11). This means 
that the treatment in aqueous medium at 50°C provides a deposition and infiltration of silicon 
oil on the surface and into the bulk of treated cotton fibres respectively. 
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Figure 11: Raman spectra of treated cotton fibres with silicon oil (on surface and in bulk) in 
emulsion and hexane medium  
Treatment for 30 min at 50°C and drying at 25°C 
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FT-IR analysis run to permit the presence of silicon oil on the surface of cotton fibres (see 
Figure 12), the result of FT-IR agree with the CRM results. The FT-IR spectra of treated fibres 
show the presence of the three peaks characteristic of silicone compound at 2962, 1260 and 
797 cm-1 for fibre treated in aqueous medium, while these peaks are not exist in case of treated 
fibre in hexane medium.  
The scanning electron micrographs of untreated and treated cotton fibres (see Figure 13), 
confirm the results of both CRM and FT-IR. The deposition of silicone is very clear as a film 
on the treated fibre surface in case of treatment in aqueous medium, so, the surface of treated 
fibre appears smoother than the untreated one. The characteristic texture of the virgin 
(uncoated) cotton fibres still appears in case of cotton treated in hexane medium, which 
confirms that, treatment in hexane did not support the deposition of silicone on the fibre 
surface. This is may be attributed to, deposition of the PDMS compounds on cotton surface in 
the hydrocarbon solvent is slower than in aqueous medium (108). 
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Figure 12: FT-IR spectroscopy for treated cotton fibres in water and hexane medium 
Treatment for 30 min. at 50°C and drying at 25°C 
 
   
Figure 13: SEM micrographs of untreated and treated cotton with silicon oil in emulsion and 
hexane medium 
Treatment for 30 min at 50°C and drying at 25°C 
Untreated Hexane medium Emulsion medium 
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2.3.2. Treatment with PDMS Compounds According to Molecular Weight 
The cotton fibres were treated with linear PDMS compound (0.5% w/w) with various 
molecular weights (1.5, 9.6 and 69 kDa) in aqueous medium as (oil/water emulsion) and in 
hexane medium with LR 1:20 during 30 min at different temperatures (25, 50 and 60°C) and 
drying at 25°C. 
 
2.3.2.1. Treatment with PDMS I (Mwt. = 1500) 
Linear PDMS compound (Mwt 1500 g/mol) was applied to cotton fibres in two treatment 
media at different reaction temperatures. CRM analysis proved the deposition and the 
infiltration of PDMS compounds (with this molecular weight) on the surface and in the bulk of 
cotton fibres in aqueous solution at 50°C while hexane media support the infiltration only at 
60°C. That is may be because this temperature (60°C) is close to the boiling point of hexane 
(67°C), when the mobility of the hexane molecules is very high, which provide more 
penetration into the fibres bulk carrying the PDMS molecules. Treatment at room temperature 
did not have any effect in either infiltration or deposition of PDMS molecules in both 
treatment media. 
Figure 14A shows the confocal Raman spectra of treated cotton fibres with PDMS (Mwt = 
1500) in both aqueous and hexane media, at 25°C for 30 min and dried at 25°C. In different 
experimental conditions, Confocal Raman spectra proved the presence of weak peak in the 
bulk of the treated fibre. Treatment in aqueous medium provides a peak in the bulk (4µm depth 
under the surface) of the treated fibres, but the intensity of this peak is weak and not relevant to 
distinguish from the other peaks. 
The treatment at 50°C during 30 min in aqueous medium shows better infiltration and fixation 
of PDMS in the bulk and on the surface of cotton fibres. Elsewhere, same treatment condition 
in hexane medium did not show any improvement in either infiltration or deposition of PDMS. 
Figure 14B, show the Raman spectra of treated cotton fibre in aqueous and hexane media. It is 
very clear that, the presence of the characteristic peak of silicone compound at 710-720 cm-1 
on the surface and in the bulk (4µm depth under the surface) of treated fibres in aqueous 
medium, while the intensity of the peaks is very low in case of using hexane as treatment 
medium. 
By increasing the treatment temperature until 60°C in the same treatment duration, the 
infiltration process takes place in hexane medium, where the Confocal Raman spectrum of the 
bulk of treated cotton fibre shows the presence of the characteristic silicone peak with high 
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intensity comparing by the PDMS starting concentration (Figure 14C). The treatment in 
aqueous medium did not provide the presence of PDMS in the bulk or on the surface of the 
treated cotton fibres. 
Summing up, the PDMS compound has the ability to deposit onto the surface and infiltrate in 
the bulk of treated fibres at 60°C in hexane medium, while using the aqueous solution as a 
treatment medium at 50°C is the best condition for infiltration of PDMS into the bulk of cotton 
fibre.  
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A) Treatment for 30 min at 25°C and drying at 25°C              B) Treatment for 30 min at 50°C and drying at 25°C 
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C) Treatment for 30 min at 60°C and drying at 25°C 
Figure 14: Raman spectra of treated cotton fibres with PDMS I in emulsion and hexane 
medium in different temperature (on surface and in bulk) 
 
Concerning the surface, SEM analysis was run to detect the deposition of silicon on the surface 
of treated fibres, also to prove the result of CRM. The SEM micrographs have confirm the 
results of CRM, where it show that, the surface of the treated cotton fibres have the same 
equivalent texture like the surface of untreated cotton fibres (Figure 15A) when the fibres was 
treated at 25°C in both treatment media, also there is no deposition of silicon on the surface of 
treated fibre. 
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When the fibres were treated in 50°C, the SEM micrographs confirmed that treatment of fibres 
in aqueous solution provide coated fibre surface with polymer layer, which proved as smooth 
surface, the SEM micrographs of treated fibre in hexane medium proved uncoated surface of 
the treated fibres (Figure 15B). 
On contrast, the SEM micrographs of the treated fibre with PDMS I at 60°C show a smooth 
coated surface with PDMS layer in hexane medium (Figure 15C). 
   
A) Treatment for 30 min at 25°C and drying at 25°C 
   
B) Treatment for 30 min at 50°C and drying at 25°C 
    
C) Treatment for 30 min at 60°C and drying at 25°C 
Figure 15: SEM micrographs of treated fibre with PDMS I in emulsion and hexane medium in 
different temperature 
 
2.3.2.2. Treatment with PDMS II (Mwt. = 9600) 
Linear PDMS compound (Mwt. 9600 g/mol) was applied to cotton fibres in two treatment 
media at different reaction temperatures. CRM analysis proved that, this type of PDMS can 
Untreated Hexane medium Aqueous medium 
Untreated Hexane medium Aqueous medium 
Untreated Hexane medium Aqueous medium 
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infiltrated into cotton fibres at 25°C in case of using hexane as treatment medium, also, a weak 
infiltration was observed by treatment in aqueous medium at 60°C.  
CRM spectrum proved the infiltration of PDMS compounds, the treatment of cotton fibre with 
this PDMS compound at 25°C during 30 min in hexane medium gives a good infiltration in the 
bulk (4µm depth under the surface), while the intensity of the peak is very low on the fibre 
surface (Figure 16A). On contrast, the spectra of treated cotton fibres in aqueous medium did 
not show any characteristic peaks of the PDMS either in the bulk or on the surface, which 
mean that, there is no infiltration or deposition of this PDMS compound in aqueous medium at 
25°C, or the amount of PDMS is not enough to detect by CRM. That may be attributed to, at 
this temperature the fibres did not swell enough in aqueous medium to allow this big PDMS 
molecules (Mwt. 9600 g/mol) to penetrate inside the fibres bulk. 
The CRM spectra of treated cotton fibres in both media at 50°C were shown in Figure 16B. 
one can observed that there is no infiltration or deposition of PDMS in both treatment media 
on the surface or in the bulk respectively. In the same line comes the result of treatment cotton 
fibre in hexane media at 60°C, there is no significant presence of PDMS on the surface or in 
the bulk of treatment fibre (Figure 16C). Moreover, treatment in aqueous medium provides 
weak peak in the bulk, but the intensity of the peak is weak and not enough to distinguish from 
the other peaks. Therefore, the treatment at 60°C during 30 min in hexane and aqueous 
medium did not shows good infiltration and fixation on the surface. 
SEM analysis was run to confirm the CRM result and visualise the presence of the polymer on 
the fibre surface. SEM micrographs show that in case of treated cotton fibres at 25°C in both 
aqueous or hexane media, no deposition of PDMS compound on the surface of treated fibre 
(Figure 17). SEM micrographs shows the same results by treated cotton in both aqueous or 
hexane media at 50 or 60°C, so, PDMS with this molecular weight did not deposited onto the 
fibre surface  
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A) Treatment for 30 min at 25°C and drying at 25°C              B) Treatment for 30 min at 50°C and drying at 25°C 
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A) Treatment for 30 min at 60°C and drying at 25°C 
Figure 16: Raman spectra of treated cotton fibres with PDMS II in emulsion and hexane 
medium at different temperature (on surface and in bulk) 
 
   
A) Treatment for 30 min at 25°C and drying at 25°C 
   
B) Treatment for 30 min at 50°C and drying at 25°C 
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C) Treatment for 30 min at 60°C and drying at 25°C 
Figure 17: SEM micrographs for treated cotton fibre with PDMS II in aqueous and hexane 
media at different temperature 
 
2.3.2.3. Treatment with PDMS III (M.wt. = 69000) 
Due to the very high molecular weight and viscosity of PDMS III (Mwt 69000g/mol), it was 
no possibility to have a micro-emulsion from this type of PDMS mechanically, because it 
cannot dispersed good to have stable micro-emulsion. Therefore, this linear PDMS were 
applied to cotton fibres only in hexane medium. 
CRM spectra were presented in (Figure 18), and illustrated the spectra of the surface and the 
bulk of the treated cotton fibres in hexane. Treatment in hexane medium for 30 min at 25°C 
provides a strong peak in the bulk of the treated fibre (4µm depth under the surface). For the 
other treatments at 50 and 60°C, CRM show that, the peak intensity of PDMS III are very 
weak in the fibres bulk or on the surface. So, the treatment of cotton fibres with this PDMS in 
hexane medium at 25°C have the best fixation and infiltration of this polymer in the bulk. 
The SEM micrographs show that the fibres treated in hexane medium for 30 min. at 25°C have 
a coated polymer layer on the surface and the surface is smoother than the other treated fibres 
in different reaction temperature (Figure 19). 
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Figure 18: Raman spectra of treated cotton fibres with PDMS III in hexane medium at 
different temperature 
Untreated Hexane medium Aqueous medium 
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Figure 19: SEM micrographs for treated cotton fibre with PDMS III in hexane medium at 
different temperature 
 
2.3.3. Studying the Effect of Storing Time on the PDMS Compounds 
CRM analysis were used to determine defiantly the position of PDMS on the fibre surface and 
in the bulk after storing. Therefore, the treated fibre was examined firstly after one day from 
the treatment and the examination were repeated after three weeks from the treatment for the 
bulk and the surface of the fibre. The analysis confirmed that after 3 weeks the concentration 
of PDMS in the bulk of treated fibre is increased by storage even under 1µ and 4µ depth from 
the fibre surface. Figure 20 show the peaks of the fibre bulk after 3 weeks of treatment has 
higher intensity than one day after treatment. Therefore, we can say that when cotton fibres 
treated with the PDMS most of the molecules adsorbed from the treatment medium to the 
fibres surface and penetrated to the fibre lumen, so, the lumen has the higher concentration of 
the PDMS molecules. By time this molecules migrated from the lumen to the fibre bulk again. 
That may be explaining why the higher concentration of the PDMS is presence 1µ depth under 
the fibre surface (see Scheme 8). 
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Figure 20: Raman spectroscopy for the treated cotton fibres with polymer III in hexane 
medium before and after storage (on the bulk and surface) 
Treatment for 30 min. at 25°C and drying at 25°C  
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Scheme 8: The suggested mechanism for distribution of PDMS compounds across the fibre 
cross-section 
 
2.4. Conclusions 
Confocal Raman microscopy (CRM) has been successfully used to monitoring the distribution 
of different molecular weights of liner PDMS as a model of molecules interpenetrate into 
cotton fibres, as  a function of depth in fibres treated in aqueous or hexane medium. PDMS 
compound with three different molecular weights can infiltrate into cotton fibres by using the 
suitable treatment medium. Hexane can used as treatment medium to applying any molecular 
weight of the PDMS, but aqueous medium is not suitable to use with high molecular weight 
PDMS, because PDMS cannot form stabile micro-emulsion via mechanical way. Using 
aqueous medium, provide a good infiltration of low and medium molecular weight PDMS into 
cotton fibres at 50 and 60°C reaction temperature. Elsewhere, hexane medium is suitable to 
infiltrate PDMS into cotton fibre at any temperatures (below its boiling temperature) according 
to the molecular weight of PDMS.  Information regarding the distribution of the PDMS makes 
the use of CRM a powerful technique for distributive material characterisation into the treated 
fibres. 
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3. Supercritical Carbon Dioxide Assisted Silicon based Finishing of 
Cellulosic Fabric: a Novel Approach 
Chapter 3: SC-CO2 Assisted Silicon based Finishing of Cellulosic Fabric: a Novel Approach 
3.1. Introduction 
Supercritical fluids are well established as a processing solvent in various polymer applications 
such as polymer modification, formation of polymer composites, polymer blending, 
microcellular foaming, particle production and polymerization (109). They have special 
properties that could lead to substantial improvements when utilized as replacements for water 
in textile wet processing (110-112), since considerable amounts of waste water are currently 
produced during the dyeing and finishing of textiles, and it is very difficult to treat the 
wastewater containing many additives by conventional biological process (113). 
These fluids have densities and solvating powers similar to liquid solvents combined with 
viscosity values and diffusion coefficients like those observed for gases. Generally, in the 
supercritical state, physical properties such as the diffusion coefficient, viscosity, and 
dissolving power are controlled by pressure and temperature. 
Because of its properties, the most commonly used supercritical fluid (SC-f) is carbon dioxide. 
It is inexpensive, non-toxic, non-flammable, environmentally friendly and chemically inert 
under most of conditions (114). In addition, the critical point (CP) of carbon dioxide is 7.31 MPa 
at 31°C, being in a technically appropriate range, and it is a suitable solvent for less polar and 
non-polar molecules up to 400 g/mole at least (115). Beyond its critical point, SC–CO2 has 
unique properties; for example, SC–CO2 exhibits density and solvating powers similar to those 
of liquid solvents. Due to these attributes, SC–CO2 has been proposed as an environmentally 
friendly replacement of water and organic solvents for many industrial applications. However, 
only two classes of polymeric materials (amorphous fluoropolymers and silicones) have been 
shown to exhibit appreciable solubility in SC–CO2 at readily accessible temperatures and 
pressures (116, 117). 
The potential of SC–CO2 in textile dyeing (synthetic (112, 117-119) and natural fibre such as cotton 
(110, 111, 115, 120-125) and wool (126)) has been investigated in detail, as the amount of water 
required for conventional dyeing is considerable (~100 kg/kg of textile), and the dye-
contaminated wastewater is hazardous (117). Solubility of the dye in SC–CO2 is obviously a 
critical parameter. Nonpolar or so-called disperse dyes are generally used due to their 
acceptable solubility in SC–CO2. However, the pressure and temperature dependence 
behaviour of solubility of such dyes in SC–CO2 is a complex phenomenon and not fully 
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understood. Organic solvents for dry cleaning of textiles were also replaced with SC–CO2, 
because it has the same cleaning effect for several kind of textile (113, 127). Another challenging 
field of application for SC–CO2 in textile industry is the disinfection and sterilization of e.g. 
medical textiles and clothes before use (128, 129). 
Several investigators have attempted to dye cellulose fibres in SC–CO2 (118). Unfortunately, 
dyeing of cellulosic fibres in SC–CO2 was not successful. The major limitation is the fact that 
SC–CO2 is a hydrophobic solvent, which does not swell the polar hydrophilic cotton fibre (111). 
Carbon dioxide alone is unable to break hydrogen bonds between adjacent molecular chains of 
the fibrous cellulose material because it does not swell the fibres and the diffusion of the dye 
into the fibre is significantly reduced (111) because, the dye cannot access the active sites of the 
cotton. At the same time, SC–CO2 extracts the natural moisture present in the cotton fibres. As 
a result, the cotton loses its flexibility, and its glass transition temperature (Tg) increases up to 
493°K (120, 123), which leads to prohibited operating temperature because it causes cotton 
damage (120). The solubility and the rheology of silicones in SC–CO2 was studied previously by 
many researchers (130-132), and it has been established that SC–CO2 reduces the viscosity of 
silicones at 50ºC (133). 
In this study, we describe a strategy for environmentally friendly finishing of cotton fabrics, 
with siloxanes compounds of different molecular weights dissolved in supercritical carbon 
dioxide instead of water. The results of the finished cotton fabric in water and in SC–CO2 are 
compared and the effect of the medium on the deposition behaviour of silanol compound (-Si-
OH compounds) on the fabric surface is studied. The effect of cross linker type on the 
deposition process was shown and we studied the influence of finishing agents and media on 
textile performances. 
 
3.2. Experimental 
3.2.1. Materials 
100 % cotton fabric (WFK Testgewebe GmbH 10000) was provided by WFK Testgewebe 
GmbH (Germany); silanol terminated polydimethylsiloxanes (DMS) with different molecular 
weights (DMS–S12 Mwt. 0.4–0.7 KDa;, DMS–S14; Mwt. 0.7–1.5 KDa and DMS–S15; Mwt. 
2–3.5 KDa) were purchased from ABCR GmbH & Co. KG (Table 2). 3–Isocyanate 
propyltriethoxy silane (IPES) and tetraethylorthosilicate (TEOS) were provided from Sigma – 
Aldrich, and the WfK Ecolabel light Duty reference detergent (an anionic, silicate free 
detergent) was purchased from Ecolab GmbH. 
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Table 2: Chemical structure of silicon compounds 
Compound Chemical structure  
Silanol terminated 
polydimethylsiloxanes 
(DMS) 
Si
CH3
CH3
OH O Si O Si OH
CH3
CH3
CH3
CH3
n 
 
DMS-S12; Mwt. 0.4–0.7 KDa 
DMS – S14; Mwt. 0.7–1.5 KDa 
DMS – S15 Mwt. 2–3.5 KDa 
3-Isocyanatepropyltriethoxy 
silane Si
O
O
O
N O
 
Cross linked 1(IPES) 
Molecular Weight =247.37 
Exact Mass =247 
Molecular Formula C10H21NO4Si 
Tetraethylorthosilicate Si
O
O
O
O
 
Cross linker 2 (TEOS) 
Molecular Weight =208,33 
Exact Mass =208 
Molecular Formula =C8H20O4Si 
 
3.2.2. Methods 
3.2.2.1. Treatment in SC-CO2 Medium 
The static high-pressure apparatus used for the finishing experiments is shown in Scheme 9. It 
consists of a gas supply, diaphragm compressor, and a heatable stainless steel vessel. The 
finishing vessel is equipped with a perforated stainless steel beam and a stirrer. Experiments of 
finishing can be made with this system up to 400 bars and 50°C. 
Cotton fabrics to be treated are wrapped around the treatment beam and mounted around the 
stirrer. 1% w/w of PDMS is placed on the bottom of the treatment container before starting, 
and cross-linker (IPTES or TEOS) is added to the container at a weight equivalent to two -OH 
groups of DMS. 1.1 equivalents cross-linker (respect to each OH group) is also added. The 
device is sealed and heated to 50°C as selected finishing temperature (suitable for dissolving of 
DMS) while SC–CO2 is pumped simultaneously to the 400 bar as settled pressure. The 
finishing treatment is run for 120 min after which the pressure is reduced in steps while the 
temperature is still maintained at finishing temperature until the pressure reaches the 
atmospheric pressure. 
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Scheme 9: Diagram of SC–CO2 finishing technology 
1. Liquid CO2  2. Pump  3. Manometer                4. Pressure-control valves 
5. Water bath  6. Autoclave  7. Stirrer                8. Thermometer 
 
3.2.2.2. Treatment in Aqueous Solution  
Fine, stable, mechanically prepared microemulsions have been made using sonificator 
(Bandelin electronic UW60) and magnetic stirrer for a variety of polyorganosiloxanes 
compounds. Cotton fibres were immersed in the previously prepared emulsions in a liquor 
ratio (LR) of 1:20 for 30 minutes. The treatment bath was of a concentration of 0.5, 0.7 and 1% 
w/w respectively, at pH = 5.4, at room temperature. 
After the finishing process in any of the treatment media, the finished samples were submitted 
to the thermal treatment, during which one expects to occur the condensation reaction between 
the PDMS/cross linker, and PDMS/cellulose respectively. The fabrics are treated in dry oven at 
70°C for 60 min. After that, the treated fabrics is rinsed in cold water then washed in aqueous 
solution containing 1% v/v silicate free detergent, at 50°C for 10 min, to remove the unreacted 
or adhered silicon compound, which might dissolve in the washing solution (134). 
 
3.2.3. Measurements 
3.2.3.1. Fourier Transform Infra-Red Spectroscopy (FT-IR) 
Attenuated Total Reflection-FT-IR using diamond cells, offers the possibility for evaluating 
the concentration and the presence of siloxane compound in the fabrics (both bulk and the 
surface of the treated fabric). It gives the overview of the silicon concentration in the fabric, 
being able to monitor the migration of functional groups to the polymer bulk or on the surface 
of the fabric (135, 136). The attenuated total reflection with diamond cells 45○, spectra resolution 
of 4 cm-1, 400 scans, were used to determine the relative concentration of the silicone polymer 
in the untreated and treated cotton fabrics (Fourier Transform Infra Red Spectroscopy (FT-IR) 
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model NEXUS 470, Thermo Nicolet Co. ATR technology). The presence of silicon 
compounds requires the presence of the peaks at 2960–2965, 1260–1265 and 795–805 cm–1 in 
the FT-IR spectrum.  
 
3.2.3.2. Confocal Raman Microscopy (CRM) 
Confocal Raman microscopy (Raman RFS 100/S from Bruker Optic Co, laser Nd:YAG 1064 
nm (NIR), Laser Power 200 mW) was used to evaluate the relative proportion of  the element 
Si  distribution across a single cotton fibre because of the valence oscillation of  the Si-C 
moiety of the Si-CH3 group using a signal between 710 and 720 cm-1 in the Raman spectrum. 
All Raman spectra were integrated during 20 sec with a 4 cm-1 resolution from the fibre 
surface to 4µm depth below the fibre surface using 1 µm depth steps. 
 
3.2.3.3. Energy Dispersive X–Ray Spectroscopy (EDX) 
A combination of Energy Dispersive X-Ray spectroscopy (EDX) coupled on the Scanning 
Electron Microscopy (SEM) was used for measuring the silicone distribution over the fibre 
cross section. After carbon coating, the EDX (Energy dispersive X-ray spectroscopy) coupled 
to the scanning electron microscope (HITASHI S–300 microscope S, at 15–KV acceleration 
voltage) gave access to a qualitative mapping of the Silicon element distribution. 
 
3.2.3.4. Moisture Sorption and Desorption 
Evaluation of the hydrophilicity and the ability of untreated and treated cotton fabric to absorb 
the moisture were investigated by using IGAsorp Analyzer produced by HIDEN ISOCHEMA 
with relative humidity ranging from 0% to 95%. All the samples were tested at 25°C. 
 
3.2.3.5. Mechanical Measurements 
The Kawabata Evaluation System (KES) tensile, shear, bending, compression and surface 
testing instruments (137, 138) were used to characterize the physico-mechanical properties of the 
treated fabric. Several tests were performed, namely: tensile & shear, pure bending, 
compression and surface test. Measurements were carried at five different places on every 
sample in both warp and weft directions. For these experiments we used samples of 25×25 cm 
treated cotton fabric left 24 hours at standard temperature 22°C and 65% relative humidity. 
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The characteristic values (Table 3) are calculated from the recorded curves obtained by each 
tester in both warp and weft direction. Tensile properties (force-strain curve) and shear 
properties (force-angle curve) are measured by same machine. Bending properties (torque-
angle curve) are measured bending first reverse sides against each other and after that the face 
sides against each other. Pressure-thickness curves are obtained by compression tester. The 
measurements of surface friction (friction coefficient variation curve) and surface roughness 
(thickness variation curve) are made with the same apparatus using different detectors. 
 
Table 3: Characteristic values in KES-F system (139) 
Characteristic Values in KES System 
Tensile LT 
WT 
RT 
Linearity of load-extension curve 
Tensile energy 
Tensile resilience 
Shearing G 
2HG 
2HG5 
Shear rigidity 
Hysteresis of shear force at 0.5º shear angle  
Hysteresis of shear force at 5º shear angle 
Bending B 
2HB 
Bending rigidity 
Hysteresis of bending moment 
Compression LC 
WC 
RC 
Linearity of pressure-thickness curve 
Compressional energy  
Compressional resilience 
Surface MIU 
MMD 
SMD 
Coefficient of friction 
Mean deviation of MIU, frictional roughness 
Geometrical roughness 
Weight W Weight per unit area  
Thickness T Thickness at 0.5 gf/cm2 
 
3.3. Results and Discussion  
Conventional reactive silicones are modified dimethylsiloxane polymers with silanol groups. 
In the presence of water, reactive silicones form silanol groups by hydrolysis, and 
polymerization may take place by means of the silanol condensation process, resulting in the 
formation of a polymer network that entraps fibres within the matrix. This polymer network 
imparts an improved durability. However, there are no stable chemical bindings between the 
siloxane polymer and cellulose due to the small difference in electro negativities of carbon and 
silicon. Several approaches have been attempted to facilitate better fixation of reactive silicone 
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polymers on the fibre surface. A special class of poly-functional silicone monomers called 
silane coupling agents (SCA) has been employed to improve the cross-linking of reactive 
silicone polymers. The silane coupling agents are used commercially in conjunction with 
reactive silicone softeners to provide better wrinkle recovery, durability, and other 
performance properties. 
Organofunctional silicone softener is a poly-functional silicone monomer that can facilitate 
cross-linking of reactive silicone polymers as well as condensation with the substrate. 
Hydrolyzable groups of the silane coupling agent are believed to first hydrolyze under an 
acidic condition and convert to reactive silanol groups. Then, under catalysis and curing 
conditions, a polyfunctional silane coupling agent is believed to crosslink reactive silicone 
polymers to produce a stable polymer network over the surface of the fibre through silanol 
condensation. Furthermore, condensation to form cross-links with the substrate has also been 
reported (140, 141). 
As condensation proceeds, the reaction rate decreases due to increasing steric hindrance, 
decreasing mobility and the diminishing availability of silanol groups. Therefore, silicone 
softeners generally require high temperature treatment to remove moisture from the substrate 
and to accelerate the condensation reaction between silicone polymers (142). However, high 
temperature treatment generally has an adverse effect on the mechanical properties of the fibre. 
Moreover, a high temperature promotes conversion of the molecular structure of a silicone 
polymer from a coiled helical structure to a straightened chain (143). 
The aim of this work is to estimate the possibility of finishing cotton fabric in supercritical 
carbon dioxide instead of water. This would help reducing the pollution associated with the 
usual textile wet processing. 
It was expected that the mixture of SC–CO2/PDMS will penetrate easily inside the fibres at the 
end of this treatment, the pressure will reduce gradually to release the SC–CO2 and keep the 
PDMS and the cross linker inside the fibre. During the thermal treatment, which occurred at 
70ºC for one hour, condensation reaction will happened between the hydroxyl group of PDMS 
and isocyanatopropyl group of IPES, which has extremely high reactivity or with the ethoxy 
group of TEOS. The idea behind using IPTS is that, the organofunctional isocyanate group can 
bond with the available hydroxyl groups (144) of Silanol terminated polydimethylsiloxanes 
(DMS) and also the hydroxyl group of cotton fabrics (Scheme 10). In addition, both of these 
cross linker can reacted with their ethoxy groups to the hydroxyl group of cotton or PDMS 
(Scheme 11) (145) to form 3D silane network inside the treated fabric. 
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Scheme 10: Suggesting reaction between DMS compound, IPES and cellulose fibre 
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Scheme 11: Suggesting reaction between DMS compound, TEOS and cellulose fibre 
 
3.3.1. Characterisation of the Treated Fabrics  
3.3.1.1. Determination of the Silicon Concentration in the Fibre by ATR-FT-IR 
The ATR-FT-IR spectra (Figure 21) recorded for untreated and treated cotton fabrics, confirm 
the presence of silicon peak in all treated fabrics. The use of IPES as cross-linker provides 
higher silicon concentration for all type of DMS compounds. This may be attributed to the 
highly reactive isocyanatopropyl group of IPES, which can react quickly with hydroxyl groups 
of both cotton and DMS compounds. On the other hand, the fabrics treated with DMS-S15 
show the higher silicon concentration than the other two DMS compounds. In addition, one 
can say that, by increasing the molecular weight of DMS compound, the silicon concentration 
in the fabrics increased, in case of using the same cross-linking agent. 
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Figure 21: FT-IR spectra of treated cotton fibre with 1% DMS compounds in SC-CO2 
 
Cotton fabrics, which are treated with DMS compounds in water medium, were analysed by 
using FT-IR. The FT-IR spectra show the presence of silicone in all treated cotton fibres 
(Figure 22). One can observe that fibre treated with DMS-S15 compound has highest intensity 
silicon peak compared to those treated with other PDMS compounds. By comparing the fibres 
treated with these compounds and fibres treated with the same concentration of silicone oil (i.e. 
1% w/w) in water media, we may see that the fibre treated with any PDMS compound has 
higher silicon concentration than those treated with silicone oil. 
One can also observed that, for the same PDMS polymer, there is no difference of the 
concentration of silicon deposited on cotton fabrics from any finishing media (water or SC–
CO2). 
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Figure 22: FT-IR spectra of treated cotton fibre with 1% DMS compounds in water media 
 
3.3.1.2. Distribution of the Silicone through the Cross-Section of the Fibre 
Qualitative information on the distribution of the silicon molecules across the fibre are 
provided by SEM/EDX analysis. Confocal Raman spectroscopy was also used as analytical 
tool to gather quantitative information about the silicon distribution. 
By means of SEM/EDX the distribution of PDMS molecules over the cross-section of the 
finished cotton fibres was determined for various finishing formulas for any media of 
treatment. Comparing the SEM micrographs and the silicon EDX mapping, one notices that the 
silicon element from PDMS is located in most cases on the surface and near to the fibre 
surface. The amount of PDMS on the fibre treated in SC–CO2 medium is higher than the fibre 
treated in water medium. PDMS distributed in different ways in water medium and SC–CO2 
medium. It can distribute in the both fibre surface and fibre lumen in case of using SC–CO2 
medium while it distribute only on the fibre surface in case of using water medium. In most 
cases the results of SEM/EDX confirmed the results of FT-IR. The EDX micrographs (Figure 
23) of treated cotton fibres show the presence of DMS for any experimental condition we used. 
All fibres treated with PDMS compounds and cross-linker IPES have higher silicon amounts 
than those treated with the same PDMS compounds using TEOS as a cross linker. PDMS 
distributed in the fibre lumen by using both cross linker with all PDMS compounds. Therefore 
we can say that SC–CO2 medium provides good deposition conditions and coating of cotton 
surface with a 3-D network of PDMS compounds and the silicon cross linker. Treatment in 
aqeuoes solution provide coated surface with PDMS compounds of the treated cotton fibre 
without distribution into the lumen of the fibre. 
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Figure 23: SEM/EDX micrographs for distribution of DMS molecules over the cross-section 
of the finished cotton fibres 
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Confocal Raman microscopy was run to provide quantitative estimation for the concentration 
of PDMS compound over the treated cotton fibres. Fibres treated with both DMS-S15 and 
DMS-S14 were chosen for analysis. For any experimental treatment condition, Raman spectra 
exhibit the presence of a silicon peak near the surface of treated fibres. 
Confocal Raman spectra of finished cotton fabric with DMS-S15 in SC-CO2 media indicate 
that the highest PDMS concentration is located in a layer between 1 μ and 2 μ depth under the 
surface. The concentration of PDMS on the fibre surface seems to be lower than those at 1 μ 
depth. The presence of PDMS is almost vanished at 4 μ depth under the surface. This result 
confirms the EDX mapping of silicon across the fibre cross section. (Figure 24 and Figure 
25) 
The results of the treatment with DMS S15 from water media indicate also the presence of 
PDMS in high concentration on the surface of the treated fibres (see Figure 26). However, the 
treatment from aqueous solution does not show the presence of PDMS in the bulk of the 
treated fibres. On the other hand, the treatment with DMS-S14 and cross linker IPES from 
water media provides the deposition of PDMS in the fibre up to 2 μ depth. 
The estimation of the quantity of PDMS deposited on the treated fibre agrees with EDX 
mapping. The fibres treated from SC–CO2 with cross linker IPES have the highest silicon 
concentration compared to those treated under the same conditions with TEOS (Figure 25), or 
treated from water medium (Figure 26). This is shown by the high intensity of the silicon peak 
characterising the product in the spectra of treated cotton fibre with DMS-S15 and IPES 
(Figure 24). 
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Figure 24: Raman spectra of treated cotton fibres by DMS–S15 and DMS–S 14 with IPES in 
SC–CO2 media on the surface and in different depth from the surface 
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(A) DMS-15 with TEOS   (B) DMS-S14 with TEOS 
Figure 25: Raman spectra of treated cotton fibres by DMS–S15 and DMS–S 14 with TEOS in 
SC–CO2 media on the surface and in different depth from the surface 
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Figure 26: Raman spectra of treated cotton fibres by DMS–S15 and DMS-S14 in water media 
on the surface and in different depth from the surface 
 
Schema 12 is a schematic presentation of the finding of the PDMS compound across the fibre 
cross section in both treatment media. As illustrated silicone can distributed into the lumen of 
the fibre and to 1 – 2 µm depth under the surface by using SC-CO2 as treatment media, while it 
is deposited only on the surface by using DMS 15 and distribute in 1 – 2 µm depth under the 
surface if the treatment in aqueous solution. 
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(A)                       (B)         (C) 
Schema 12: Scheme for distribution of PDMS compounds through the single cotton fibre in 
aqueous solution and SC-CO2 medium 
(A) DMS 14 in water (B) DMS 15 in water (C) DMS compounds in SC-CO2 
 
3.3.1.3. Study the Effect of Finishing with DMS Compounds on Moisture Regain 
The moisture regain defines as the ability of the fibre to recover the moisture at a given relative 
humidity environment. The formula for calculation is given by: 
100(%) ×−=
o
ot
W
WWregain Moisture     Equation 1 
Where Wt and Wo are the moisturized and dry weights of the film composites, respectively 
We have tested the effect of finishing cotton fabric with DMS compounds on the moisture 
absorption. This property defines the ability of the material to absorb water and perspiration 
and plays an important role in feeling comfortable when wearing these materials.  
The tests were run in IGASorp moisture absorbance measuring device and we measured the 
moisture absorption at relative humidity of 65%, and 25°C (room temperature). 
Figure 27 shows the moisture absorbance by finished cotton fabrics with 1% DMS compounds 
in both media. No difference was detected between the behaviour of fabrics finished from any 
of the medium; in both cases, the fabrics absorb well the moisture, with small enhancement 
compared to the untreated sample. The type of cross-linker or DMS compounds does not play 
an effective role in case of fabric finished from SC-CO2 medium. 
Low amount of 
Silicon 
High amount of 
Silicon 
      0   -2   -4   -6   -8         0   -2   -4   -6   -8        0   -2   -4   -6   -8   
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Figure 27: Total moisture absorption of cotton fabric treated with 1 % DMS compounds in 
two treatment media 
 
To investigate the effect of silicon compound on the ability of cotton fabrics to absorb 
moisture the fabrics were treated with different amounts of DMS compound (0.5, 0.7 and 1% 
w/w) from water environment. The results are presented in Figure 28. This Figure illustrates 
that finishing cotton fabrics with any concentration of any DMS compound does not affect the 
moisture absorbance capacity of the finished fabric. 
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Figure 28: Total moisture absorption of cotton fabric treated with different concentration of 
DMS compounds in water medium 
 
3.3.1.4. Study of the Effect of Finishing with DMS Compounds upon the Physico-
Mechanical Properties of the Finished Fabrics 
Applying most chemical finishes to cotton fabrics generally results in significant changes of 
fabric performance. Apparently there is no difference in terms of achieved effect on cotton 
fabric property for application of DMS from aqueous solution or from SC–CO2. 
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KES system has been used to evaluate the physico-mechanical properties of finished fabrics. 
The measurements were run at five different places on every sample in both warp and weft 
directions. 
As stated earlier (146) PDMS compound, as a softener, enhances the mechanical properties of 
the treated fabrics. The conventional fabric softeners have long fatty acid chains and they 
soften fabrics through an outstanding surface effect in which friction is reduced between the 
fibres in the fabric substrate. In other words, the primary effect of a fabric softener is to 
lubricate the surface of fibres by coating them with a thin film layer. Consequently, handle and 
other mechanical properties are affected by the manner in which the softener is deposited on 
the fibre surface. Treatment parameters such as drying and curing temperatures, as well as the 
type and amount of bath additives, and treatment medium are expected to influence the 
parameters, which determine the subjective feeling according to the Kawabata Primary Handle 
(stiffness, bending, tensile, shear, thickness, and weight). 
 
3.3.1.4.1. Bending stiffness properties 
Bending stiffness is one of the most important properties of fabrics and it is defined as the ratio 
of bending moment per unit width of curvature. Not only does it affect the feel or 'handle' of a 
fabric but it also influences handling during assembly with the other parameters. For 
measuring the bending stiffness of fabrics, a "bending length" is defined by the length of a 
horizontally clamped fabric, when the secant from fixed to the free end makes a 41.5° angle to 
the horizontal. The bending stiffness affects the tailoring quality of fabrics, the design of the 
garment, as well as the automated handling of the fabric. Objective measurement of this 
characteristic leads to making rational decisions in choosing of fabrics in order to minimize the 
tailoring problems and improve the quality of finished garment. 
Finishing cotton with DMS compound reduces bending rigidity and the hysteresis of bending 
amount (Figure 29), for fabrics treated from both water and SC–CO2 with any finishing 
formula. The relative reduction in hysteresis of the finished fabrics with DMS means that the 
silicon compounds play an effective role as a softener of the fabrics. Hysteresis represents the 
energy lost during the complete deformation-recovery cycle as a direct result of the inelastic 
mechanical processes of inter-fibre friction and fibre viscoelasticity. DMS compound reduces 
the frictional resistance to inter-fibre movements at the cross-over points, thus helping the 
fabric to recover fully from deformation. The reduction of both bending rigidity and hysteresis 
is enhanced in the case of fabrics treated from SC–CO2 and when use IPES cross linker. This 
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means that such treatment conditions lubricate more the fibres and reduce the friction fibre-to-
fibre decreasing the stresses induced during weaving within the fabric structure. 
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Figure 29: Bending stiffness properties of treated fabrics with DMS compounds in warp and 
weft directions 
 
3.3.1.4.2. Tensile properties 
Linearity of tensile curve, LT, tensile energy, WT, and tensile resilience, RT and extension at 
500 g load values were obtained from the tensile experiment and are presented in Figure 30. 
In all cases, investigated fabrics treated with DMS compounds show reduced linearity of 
tensile curve, LT, after treatment along both warp and weft direction. This is associated with 
the reduction of fabric stiffness. The decrease of the tensile linearity leads to an increase of the 
tensile strain and tensile energy. 
With the tensile test, the tensile energy (WT) of all treated samples increases significantly in 
warp and weft directions (Figure 30). This means that the fabrics become more stretchable and 
more energy is needed to reach the same tensile load like of the untreated. The elasticity of the 
fabrics improves probably due to the formation of the polymer film on the surface (55), which is 
confirmed by the results of SEM/EDX and Confocal Raman analysis. Fabric behaviour under 
tensile, shear, bending, and compression is very important for dimensional stability and shape 
deformation. 
As cloth deformation is non-elastic, it exhibits a considerable amount of visco-elasticity and 
hysteresis. Finishing quite markedly influences resilience behaviour of fabrics. Decreasing 
tendency of the tensile resilience RT is observed for most of the investigated fabrics after 
finishing treatment. The reduction is more significant in case of treating cotton from water 
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medium may be because the network forms preponderantly on the surface. In contrast, the 
cotton treated from SC-CO2 appears to have the network built inside the fibre, at about 1μ 
depth. 
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Figure 30: Tensile properties of treated fabrics with DMS compounds in warp and weft 
directions 
 
3.3.1.4.3. Shearing properties 
Shear rigidity (G) and shear hysteresis values at 0.5° (2HG) and at 5° (2HG5) were obtained 
from shear experiment. The reduction of shear rigidity (G) of the fabrics treated from SC–CO2 
is noticeable larger than those treated from water medium (Figure 31). The same tendency is 
observed in both warp and weft directions for shear rigidity (G) as well as for shear hysteresis 
(2HG) and (2HG5).  
DMS finishes reduce shear stiffness and hysteresis (G, 2HG and 2HG5; Figure 31, 
respectively) of the treated samples. Its application from SC–CO2 is shows better results than 
when applied from water. Fabric shear properties are perhaps the most complex ones, because 
they include tensile, bending, friction, and compression at crossover points between fibres and 
yams in the fabric structure. All these properties, of course, depend also on fabric morphology. 
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Figure 31: Shearing properties of treated fabrics with DMS compounds in warp and weft 
directions 
 
3.3.1.4.4. Compression properties 
Compression rate (EMC), linearity of compression curve (LC), compressional energy (WC) 
and compressional resilience (RC) were obtained from compression experiment for untreated 
and finished fabrics. 
Due to relaxation induced by finishing to fabrics in most cases the linearity of compression, 
LC, increases which means that the elasticity of the material increases by the relaxation 
induced by finishing with DMS compounds. LC increases for all finished samples, which 
means that the recovery angle slightly improves for all the samples (Figure 32). 
Compressional resilience RC increases for all treated fabrics, due to the formation of DMS on 
the fabric surface.  
Fabric thickness changes after the treatment of cotton fabrics with DMS compounds from any 
of the treatment medium. There is a certain increase in the thickness of the unfinished and 
finished cotton fabrics. All finished samples undergo increase in thickness, which could be due 
to the formation of film layer on, or under the fabric surface. The thickness of fabrics treated 
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from water is higher than those of fabrics treated from SC-CO2, which may be attributed to the 
formation of layer of DMS on the surface, in the first case, and under surface in the second. 
The compression energy increases also due to the increasing of the thickness, the increase in 
LC and WC of the finished fabrics. The changes in surface characteristics, thickness, and 
compression of the material are directly related to the subjective perception of fullness and 
softness of handle. 
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Figure 32: Compression properties of treated fabrics with DMS compounds 
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3.3.1.4.5. Surface properties 
Coefficient of friction MIU, mean deviation MMD and surface roughness SMD before and 
after finishing were obtained in surface investigation experiment Figure 33. It is observed that 
SMD values in warp and weft directions are close to each other. This indicates an evenness of 
the treatment, with no preference of the silicon compound for any of the directions. 
Referring to Figure 33, the results of the surface test exhibit a lower frictional coefficient for 
all treated samples compared to untreated, disregarding the finishing medium or pH. 
Preliminary observations of DMS compounds treated samples in aqueous solution and SC-CO2 
by SEM/EDX and Confocal Raman microscopy reveal the deposition of DMS on or near fibre 
surface and formation of a polymer film on the fabric surface, which is quite uniform and 
markedly pronounced in both treatment medium for all treatment formula. From the previous 
information, we can assume that the polymer film is the main cause for changes of the surface 
and mechanical properties of the DMS-treated fabrics in this study. The formation of the 
polymer film increases the uniformity of the surface (MMD decreases, see Figure 33) and 
decreases the roughness, which is expressed in a better cohesion between the sensor of the 
instrument and the sample. and from this, a lowering of the friction coefficient. Friction is not 
only determined by the contact surface, but also by deformation at the contact point. (147) This 
behaviour was observed for all fabrics finished from both water and SC–CO2 with similar 
amount of DMS. It confirms that there is no difference between treating from water or from 
SC–CO2 medium in terms of the achieved surface properties of the finished fabric. 
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Figure 33: Surface properties of treated fabrics with DMS compounds in warp and weft 
directions 
In the context of producing soft, smooth, extensible, and flexible fabrics, according to Postle 
(148), the 2HG5, B, MIU, and SMD should decrease and RC, should increase. We confirmed 
these by the results of our study. MIU depends also on the uniformity of the silicone polymer 
film. Mahar et al. (149) noted that LT, RT, MIU, LC, and RC were not quite sensitive to changes 
in fibre characteristics, fibre construction, finishing, and other processing parameters, so they 
were not appropriate for quality control. Our experiments found the same results. 
 
3.4. Conclusions 
Supercritical carbon dioxide is a suitable medium for finishing cotton fabrics with PDMS- 
silanol compounds. The EDX and confocal Raman microscopy results of the finished fabrics 
are close for samples treated from water and from SC–CO2, whilst the physico-mechanical 
properties of treated fabrics from SC–CO2 show improvement compared to the fabrics treated 
from water media. 
Aqueous medium helps the deposition of silanol compound on the surface of the fabrics, while 
SC–CO2 supports the deposition at 1μ under the surface. These results were confirmed by 
SEM/EDX in agreement with Confocal Raman analysis. 
DMS-S15 shows best results of deposition on cotton surface, ATR-FT-IR and confocal Raman 
analysis detecting the highest concentration of silicon for this case. Isocyanatepropyltriethoxy 
silane (IPTS) proved to be a better cross-linking agent than TEOS, and combining IPTS with 
DMS compound yields most silicon deposition on the surface of the fabrics. 
Treating cotton fabric with DMS compounds from water or from SC–CO2 does not affect the 
moisture regain of treated fabrics. Physico-mechanical properties of treated fabrics from any of 
the two media improve significantly with achieving good handle and soft performance. 
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4. Improve Finishing Properties of Cotton Fabrics using Reactive 
Silicone Softeners 
Chapter 4: Improve Finishing Properties of Cotton Fabrics using Reactive Silicone Softeners 
4.1. Introduction 
There are many softeners for improving the hand of the fabric, wrinkle recovery and its 
mechanical properties (150). Silicone based softeners are widely used for these purposes (151-154). 
The softening effect comes from the unique flexibility of the polydimethylsiloxane (PDMS) 
backbone. They lubricate the fibres due to their low surface energy, whilst the flexibility of the 
chains improves the sliding on fibre surfaces, reduces fibre-to-fibre interactions and imparts 
softening properties to the product (150). Thus, silicone materials guarantee an excellent 
softness, and may provide special effects that are highly beneficial for the textile-finishing 
segment.  
PDMS is highly hydrophobic and it hardly adheres to any surface. In order to improve the 
deposition, the durability and the performance of the softener coating, PDMS is modified with 
different functional groups, e.g., cationic groups, in order to increase its adhesion to fabrics (54-
57). This is particularly true for cotton-based fabrics, which carry anionic charges on their 
surface. The negative charges of the hydroxyl groups of the cotton interact with the positive 
charges of cationic groups on the silicone backbone by the formation of electrostatic bonds 
(155).  
In recent years quaternary ammonium functionalized silicones, so called silicone quats, have 
been introduced as fabric softeners. These types of softener are well recognized as premium 
fabric finishing agents, especially as softeners for cotton fabric. Fabrics treated with these 
functionalized silicones are characterized by a soft hand, improved  the wash durability and a 
lower tendency for yellowing (54, 59). The adsorption and the desorption behaviour of some 
silicone quats was  studied previously (134), confirming that the presence of ammonium groups 
in the silicone compound improves its adsorption by cotton fabric. 
Aminofunctional polyorganosiloxanes are widely used for textile finishing purposes. (151-154) 
The amino groups bound to a polydimethylsiloxane backbone improve the orientation and 
substantivity of the silicone towards the fibre. The improved orientation of aminofunctional 
silicones leads to an extremely soft hand, which is frequently described as “supersoft” (156). 
During the application, which is generally carried out under acidic conditions, the amino 
groups are quaternized to cationic species (-NH3+), which have a strong affinity towards the 
negatively charged fabric surface (54, 55, 57). An increased amino content yields an improved soft 
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hand but in parallel results in an unacceptable yellowing of the fabric. The problem is due to an 
oxidative breakdown of the amino moiety and the formation of chromophoric groups during 
curing or drying steps. Modifying the C-atoms in β-position to the amino groups with adequate 
blocking groups overcomes this problem and offers non-yellowing fibre softeners (157-159). 
A general drawback of aminosilicones is their pronounced tendency to hydrophobize cotton. 
As a result, the silicones containing quaternary tetra-alkyl ammonium functions were 
developed (57, 160, 161). The cationic character of this group is pH independent. The wash 
durability of mono and diquaternary structures is insufficient, although certain polyquaternary 
structures, even in combination with hydrophilic polyether groups, performed well. There is a 
need for a further improvement in hydrophilicity without compromising softness and 
durability.  
Magnasoft SilQ®, a textile enhancer containing quaternary ammonium groups, was released 
recently in order to address this market need. TSF 4708, which contains cationic amino groups, 
has already established it’s reputation in the market as a good finishing agent providing the 
durability and the softening effect. 
The purpose of this study is to investigate the finishing properties of the two types of silicone 
softener, silicone quat and aminosilicone, respectively, on cotton. In particular, the study 
focuses on the kinetic aspects of the finishing process, the distribution of the silicone softener 
across the textile fibre and the kinetics of the desorption during the washing process. The 
experiments were performed on two kinds of cotton fabric, namely Knitwear and Terry. 
 
4.2. Experimental 
4.2.1. Materials 
Two kinds of bleached cotton fabrics (Terry and Knitwear) were purchased from WFK 
Testgewebe GmbH. The silicone quat block copolymer Magnasoft SilQ® (Q) and its 
fluorescently labelled version, QF, (Magnasoft SilQ labelled with fluorescence dye based on 
acridin), the aminosilicone product TSF 4708 (A) and its fluorescently labelled version, AF, 
(labelled with a fluorescence dye based on fluorescein) and three surfactants (emulsifier  
(Imbentin T 060), emulsifier (Imbentin T 120) and non-ionic surfactant (Tergitol TMN-06), 
respectively) were provided by Momentive Performance Materials GmbH & Co. Germany. 
n-Hexane was purchased from KMF chemicals Co., sodium citrate and sodium acetate were 
acquired from Sigma Chemical Co., Bromophenol blue and hydrochloric acid (37%) were 
purchased from Merck Chemical Co. and 99.8% acetic acid was obtained from Fixanal Riedel-
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de Haën, All reagents were analytical grade, purchased and used without further purification. 
Ecolab standard silicate free anionic detergent was purchased from WFK cleaning technology 
research institute, Germany. 
 
4.2.2. Methods 
4.2.2.1. Fabric extraction 
Prior to the finishing experiments, hydrocarbon-based and silicone-based impurities were 
removed by extraction: 75 g of Knitwear fabric and 40g of Terry fabric, respectively, were 
extracted with 1000 ml hexane in a Soxhlet during 24 h. 
 
4.2.2.2. Preparation of Silicone Microemulsion 
4.2.2.2.1. Preparation of Magnasoft SilQ® (Q or QF) containing microemulsions 
The products Q and QF were applied from microemulsion. 20% (w/v) active concentrates of Q 
or QF were prepared as follows: 4.2 g of the surfactant Imbentin T 060 was added to 8.8 g of 
the surfactant Imbentin T 120 and mixed gently with the magnetic stirrer. 22.2 g of Q was 
added to the previous mixture and mixed well under medium speed rotation at room 
temperature for about 10 minutes. 64.8 g of distilled water was added slowly with stirring to 
obtain a transparent microemulsion. The 20% active concentrate was diluted to the desired 
concentration prior to the experiment. 
 
4.2.2.2.2. Preparation of aminosilicone TSF 4708 (A or AF) containing microemulsions 
Microemulsions was also used to apply product A. A 20% (w/v) active concentrate of TSF was 
prepared as follows: 12 g of the surfactants (Tergitol TMN - 06) were added to 20 g of A 
(aminosilicone product) and mixed gently with the magnetic stirrer. 20 ml of distilled water 
were added very slowly under stirring with low speed at room temperature for about 10 
minutes. After the mixture homogenizes one adds 0.35 ml of acetic acid and 0.30 g of sodium 
acetate and mix well with magnetic stirrer. 47.35 ml of distilled water was added slowly with 
stirring to obtain a transparent microemulsion. The 20% active concentrate was diluted to the 
desired concentration prior to the experiments. 
 
Chapter 4: Improve Finishing Properties of Cotton Fabrics using Reactive Silicone Softeners 
DWI an der RWTH-Aachen University              66
4.2.2.3. Evaluation of the Adsorption and Desorption 
4.2.2.3.1. Adsorption kinetics  
The fluorescently labelled silicone products were used to evaluate the silicone concentration in 
the bath by photometric detection at 488 nm and 494 nm for QF and AF, respectively. 
Fluorescence microscopy allowed to visualize the products QF and AF on the surface of cotton 
fibres. 
The adsorption process of both silicone compounds was investigated from aqueous solutions at 
pH = 5.4 and the liquor ratio of 1:20. The treatment of the fabrics was carried out on the 
laboratory dying machine model AHIBA Turbomat 100(134). 
The isothermal kinetic experiments were carried out at 40°C by treating 1g of extracted cotton 
fabric with solutions of the fluorescently labelled silicone product on different concentrations 
levels (0.5, 1, 2 and 4g / g of fabric ) and a fixed liquor ratio 1:20 at pH 5.4 for 20 min. 
The non-isothermal kinetic experiments were carried out using 1g of extracted cotton fabric 
which was treated with the fluorescently labelled silicone product solution (50 mg/L silicone)  
at 30, 40, 50 and 60°C, for 600 sec. Additionally, the sorption study of QF was carried out with 
different concentrations (25, 100 and 200 mg/L) at 40°C. 
At the beginning and after each 20 sec, 1 ml of the bath solution was analyzed at 488 or 494 
nm for QF and AF, respectively, (spectrophotometer model HP 8452 A Diode Array). In order 
to keep constant the liquor ratio the 1 ml samples was returned to the bath. The fluorescence 
silicone concentration on the fibre at time tx was calculated from the difference of the 
fluorescence silicone concentrations in the bath at t0 and tx. 
The non-isothermal adsorption of the non-fluorescence silicone compound was monitored with 
the help of the bromophenol blue indicator (162) as  follows: 1g of extracted cotton fabric was 
finished in a 5g/l silicone solution  at 30, 40, 50, 60 and 70°C for 10, 30, 60, 120, 300, 600 and 
1200 sec. with the non-fluorescent silicone product. At the beginning and after each treatment 
1 ml of the treatment solution was placed in 10 ml measuring flask and filled to 10 ml; 3 ml of 
this solution were sampled and put into another 10 ml measuring flask, 2 ml of citrate buffer 
(pH= 3) and 1 ml of bromophenol blue solution added and finally  filled to 10 ml. In order to 
determine the silicone concentration in the treatment solution, all the samples were measured 
with UV-Visible Spectrophotometer at λ= 604 nm (134). 
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4.2.2.3.2. Desorption kinetics and durability of the finishing 
The washing process of both fluorescence silicone products was investigated in aqueous 
solutions using a silicate free detergent. The liquor ratio was 1:20. The experiments were 
conducted in a laboratory washing machine model Labomat from Mathis Company, 
Switzerland. The washing process was done for 1 g fabric with a rotation speed of 40 rpm and 
using 25 steel balls.  
The fabric treated with fluorescence silicone product (20 g/L) was immersed into the  washing 
solution containing 1 % (w/v) Ecolab silicate free detergent at 40 and 60°C, respectively, for 1, 
2, 3, 5, 10, 20 and 30 min. 1 ml of the washing solution was analyzed by UV vis 
spectrophotometry at λ = 488 and 494 nm for QF and AF, respectively, in order to determine 
the concentration of the fluorescence silicone in the washing solution after each washing time.  
After the wash all the samples were rinsed with hot water (50°C) for 10 min, then dried at 
160°C for 120 sec. (134) All washed fabrics were investigated colorimetrically using a  colour 
measuring device Data colour 3890, Marl Co. The evaluation determined the difference of the 
yellow values of the washed fabrics  according to DIN 6167. 
The bath concentration helped analyzing the washing process of both fluorescent softener 
compounds. The amount of silicone in the washing bath was determined with the 
spectrophotometer at λ = 488 and 494 nm for QF and AF respectively. The percentage of the 
desorbed silicone from the fabric surface, the rate constant and the desorption constant were 
determined for both kinds of fabric. The decrease of silicone concentration on the fabric was 
evaluated using the change of the yellow value. 
 
4.2.2.4. The Kinetics of Adsorption 
The kinetics of the adsorption of the fluorescent silicone compounds on the cotton fabrics was 
fitted with two kinetic models, namely: the first-order,(163) and the second-order kinetics (164).  
The integral form of the first order kinetics is given in Equation 2 (165, 166). 
( ) ( ) tkqqq ete 1lnln −=−  Equation 2 
Where qe is the maximum adsorption capacity (mg/g), qt is the amount of polymer adsorbed 
(mg/g) at time t and k1 is the first-order rate constant (min). 
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The reaction rate in second-order kinetics model depends on the amount of polymer adsorbed 
on the surface of adsorbent and the quantity adsorbed at equilibrium (165, 167). The integral form 
of second-order model is given in Equation 3: 
eet qtqkq
1111
2
2
+⎟⎠
⎞⎜⎝
⎛⎟⎟⎠
⎞
⎜⎜⎝
⎛=  Equation 3 
Where qt is the amount of polymer adsorbed (mg/g) at time t, qe is the maximum adsorption 
capacity (mg/g) for second-order adsorption, and k2 is the second-order rate constant 
(g/mg.min). 
 
4.2.2.1. Calculation of the Diffusion Coefficients 
It is generally agreed that both dyeing and finishing processes involve three steps (168). The first 
step is the diffusion of molecules through the aqueous bath onto the fibre. The second step is 
the adsorption of the molecules onto the fibre. The last step is the diffusion of molecules from 
the absorbed surface into the bulk of the fibre. The second step, the adsorption process, is 
generally assumed to be more rapid than either of the other steps. Of the two diffusion steps, 
the diffusion of the molecules into the fibre bulk is much slower than their movement through 
the aqueous solution due to the physical retardation  of molecule’s diffusion by the network of 
fibre molecules (168). 
Diffusion coefficients usually express the ability of the molecules to infiltrate the fibre. A high 
diffusion coefficient indicates that the resistance to molecule’s diffusion into the fibre is low 
and the diffusion occurs easily(169). 
Diffusion coefficients for both, the adsorption and desorption processes were estimated using 
the Wilson and Hill for a cylindrical fibre and infinite bath (Equation 4) (168, 170, 171). 
24 r
Dt
C
Ct
π=∞  Equation 4 
Where Ct is the silicone concentration after time t, C∞ is the silicone concentration at 
equilibrium (after 600 sec in our case); D is the diffusion coefficient (m2/min); r in this case is 
the radius of cotton fibre (9.7 μm), which was measured by optical microscopy 
Combining with the equation of the root-t-kinetics 2
1
)(tk
C
Ct −=
∞
 
24 r
Dk π=  Equation 5 
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16
22 rkD π=  Equation 6 
2111085.1 kD ××= −  Equation 7 
It is obvious that the knowledge of the rate constants k allow calculating the diffusion 
coefficient D at the measured temperature (Equation 5, 6 and 7). 
 
4.2.2.2. Determination of the Adsorption Model 
The fluorescently labelled product causes a yellowing of the fibre which allows to measure the 
yellowing index according to the DIN 6167 (colour measurements with a Data colour 3890 
from Marl Co. using a CIE-LAB interpretation (172). 
 Each sample was measured 5 times per layer. The cotton fabrics were treated with 0.5, 1, 2, 3, 
6, 10 mg/ ml of the fluorescently labelled derivatives. 
Adsorption isotherms describe how the adsorbates interact with adsorbents and are crucial in 
optimizing the use of adsorbents. Adsorption isotherms are described by different 
mathematical approaches, the Langmuir and Freundlich equations are the most commonly used 
ones for finishing and dyeing experiments(173-175). 
The Langmuir isotherm is widely used to describe single-solute systems (173, 175). This isotherm 
assumes that intermolecular forces decrease rapidly with distance and consequently it predicts 
monolayer coverage of the adsorbate on the surface of the adsorbent. The model also assumes 
that adsorption occurs on specific homogeneous sites of the adsorbent and there is no 
significant interaction among adsorbed species. The Langmuir isotherm is given by Equation 
8: 
sL
s
f CK
CCC +
×= max  Equation 8 
Where Cf is the silicone compound concentration on the fabric given as yellow value, Cmax is 
the maximum adsorption capacity of the fabric (mg/g), CS is the concentration of silicone 
compound in the treatment bath and KL is the Langmuir isotherm constant. A linear expression 
for the Langmuir isotherm is Equation 9: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛+=
s
L
f CC
k
CC
111
maxmax
 Equation 9 
The plot of (1/Cf) versus (1/Cs) gives a straight line with the slope of (kL/Cmax) and the 
intercept of (1/Cmax). 
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The Freundlich isotherm was also tested for fitting the adsorption data of the silicone 
compounds on Terry and Knitwear cotton fabrics Equation 10. This empirical isotherm 
describes heterogeneous systems (176-178) . 
n
sff CKC
1×=  Equation 10 
Where Cf is the silicone compound concentration on the fabric given as yellow value, Cs is the 
concentration of silicone compound in the treatment bath, and Kf and n are Freundlich isotherm 
constants indicating the extent of the adsorption and the degree of non-linearity of solution 
concentration and adsorption respectively. The linear expression for the Freundlich isotherm is 
givin by Equation 11: 
( ) ( ) sff CKC ln21lnln +=  Equation 11 
The plot of ln(Cf) versus ln(Cs) gives a straight line whose slope is 1/n and intercept equals 
ln(Kf). 
 
4.2.2.3. Kinetic and Thermodynamic Analysis 
The activation energy (Ea), as well as the thermodynamic parameters of activation, (166, 173) 
namely the Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) are determined over the 
temperature range of 30 – 70°C, at an initial silicone concentration of 50 mg/l. The activation 
energy (Ea) is estimated from the Arrhenius Equation 12 as follows: (179, 180)  
RT
EAk a−= lnln  Equation 12 
Where k is the rate constant of the kinetic model, Ea is the activation energy of sorption 
(kJ/mol), R is the gas constant (8.314 J/mol⋅K), T is the absolute temperature (°K) and A the 
Arrhenius factor which is a temperature independent factor, respectively. The activation energy 
is determined from the slope of the plot of ln k versus 1/T. 
The thermodynamic parameters free energy change (ΔG), enthalpy changes (ΔH), and entropy 
change (ΔS) are calculated by Eyring Equation 13: (181-183). 
RT
H
R
S
h
k
T
k B Δ−Δ+= lnln  Equation 13 
Where kB and h are Boltzmann’s constants (kB = 1.38×10−23 JK−1) and Planck’s constants (h = 
6.626×10−34 J·s), respectively. The plot of ln(k/T) versus 1/T should be a straight line, and ΔH 
and ΔS were calculated from slope and intercept of the line, respectively, slope = (-ΔH/R) and 
intercept = (ln(kB/h)+( ΔS/R)).  
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Gibbs energy of activation ΔG is calculated from entropy and enthalpy as (Equation 14): 
STHG Δ−Δ=Δ  Equation 14 
 
4.2.3. Measurements 
4.2.3.1. X-Ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS) AL Kα1,2 X-ray model SSX 100 from Surface Science 
Instruments Company, Mountain View, California, USA, was used to investigate the chemical 
composition of surfaces of untreated, as well as of treated cotton fabrics. XPS has been 
extensively used in order to analyze the compositions of outer surface layers (analysis depth 10 
nm). The measurements were carried out on 1g of cotton fabric after a treatment with a 5 g/L 
non-fluorescent silicone compound solution at 40 and 60°C for 10, 30, 60, 120, 300, 600 and 
1200 sec. 
 
4.2.3.2. Colour Measurements 
UV-visible spectrophotometer model HP 8452 A Diode Array, was used to evaluate the 
concentration of the silicone compounds in the treatment bath. Data colour device model 3890, 
Marl Co, Germany, was used to measure the yellow value of the untreated and treated cotton 
fabrics, according to DIN 6167 (172). 
 
− Silicon content from XPS of untreated cotton fabrics 
The amount of silicones on Knitwear and Terry was determined prior to and after 10 and 24 
hours of extraction by XPS analysis (Table 4). It was found that after 24h the atomic 
concentration of silicone is less than 2 % and not detectable by EDX anymore. 
 
Table 4: Silicon atomic concentration (atom %) from XPS results of in Knitwear and Terry 
before and after extraction 
Silicone atomic concentration (%)  
Prior to extraction 10 h Extraction 24 h Extraction 
Knitwear 2.08 1.38 1.16 
Terry 4.76 3.03 1.51 
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In order to study the distribution of silicone products on the fabric after washing, 1g of cotton 
fabric treated with 10 g/L silicone solution at 40°C for 30, 60, 300, 600, 1200 and 1800 sec 
was washed with hot water (50°C) for 10 min then dried at 50°C in oven and measured. 
 
4.2.3.3. Energy Dispersive X–Ray Spectroscopy (EDX) 
The visualization of the silicone distribution over the fibre cross section was performed with 
SEM/EDX, a coupling of Energy Dispersive X-Ray spectroscopy (EDX) with the Scanning 
Electron Microscopy (SEM). 1g of cotton fabric was treated with 1 mg/ml of silicone product 
micro-emulsion at 40°C for 30, 60, 300, 600, 1200 and 1800 sec, respectively, using a liquor 
ratio (LR) of 1:20 at pH 5.4. After the reaction, the treated fabrics were rinsed with hot water 
(50°C) for 10 min and dried at 50°C. After carbon coating, the EDX (Energy dispersive X-ray 
spectroscopy) coupled with the scanning electron microscope (HITASHI S–300 microscope S, 
at 15–KV acceleration voltage) allowed a qualitative mapping  of the silicone element 
distribution over the cross sections of untreated and treated  cotton fibres. 
 
4.2.3.4. Confocal Raman Microscopy (CRM) 
The Confocal Raman microscopy (Raman RFS 100/S from Bruker Optic Co, laser Nd:YAG 
1064 nm (NIR), Laser Power 200 mW) was used to evaluate the relative proportion of the 
silicon element distributed across a single cotton fibre by tracing the signal between 710 and 
720 cm-1 in the Raman spectrum characteristic for the valence oscillation of the Si-C moiety of 
the Si-CH3 group. The Raman spectra were integrated over 20 sec with a 4 cm-1 resolution 
from 1 µm above the fibre surface to 4 µm below the fibre surface using 0.5 µm advancement 
steps. 
 
4.2.3.5. Fourier Transform Infra-Red Spectroscopy (FT-IR) 
FT-IR was run to determine the silicone concentration in the treated and untreated fabric. 
Attenuated Total Reflection-FT-IR offers the possibility for the surface-sensitive analysis up to 
about 5 µm depth (184). The equipment is a FT-IR spectrometer model NEXUS 470, Thermo 
Nicolet Co. ATR technology. The attenuated total reflection with KRS5 crystals 45○, spectra 
resolution 4 cm-1, 400 scans, was used to determine the relative concentration of the silicone 
polymer in the untreated, treated and washed cotton fabrics. By comparing the spectra of the 
untreated fabric and cotton fabric treated with silicone products one notices the peak at 720-
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850 cm-1 from the Si-C oscillation of the Si-CH3 group, which does not overlap with any of the 
other signals of the cotton fibre and can thus be used for measurement.  
The relative amount of silicone (Sw) on a treated cotton fabric was determined from the area 
ratio of the cellulose signal at 850-1200 cm-1 to the silicone signal I at 720-850 cm-1. The areas 
of two additional superposed silicone signals II and III (signal II: 850 - 895 cm-1 and signal III: 
930 - 1185 cm-1) depend on the size of the silicone signal I and were subtracted from the 
cellulose signal (185). Equation 15 was used to calculate the relative amount of silicone Sw on 
the cotton fibres. 
)( FBA
BSw ×−=  Equation 15 
where B is the area of the silicone signal I (720–850 cm-1), A stands for the area of the 
cellulose signal and the silicone signals II and III and F is the empirical correction factor for 
the size of silicone signals II and III (2.81)  
 
4.2.3.6. Fluorescence Microscopy 
The silicone distribution on the surface was visualized on cotton Knitwear samples finished 
with 1 mg of the fluorescently labelled derivative per 1g of Knitwear at 40°C after 3 different 
adsorption times: 0 sec as reference, 30 and 1800 sec. Fluorescence pictures were taken with 
an Axioplan Zeiss microscope, maximum excitation wavelength at 495 nm and maximum 
emission wavelength at 519 nm. 
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4.3. Results and Discussion 
4.3.1. Physicochemical Study of the Deposition of the siliconquat softener 
Magnasoft SilQ® (QF ) onto Cotton Fibre 
4.3.1.1. Adsorption Study 
4.3.1.1.1. Kinetic study 
Adsorption kinetics with different concentrations and at different temperatures permit to 
understand the adsorption mechanism of QF onto cotton fibres. The adsorption kinetics of QF 
on Knitwear and Terry fabrics was investigated at 30, 40, 50 and 60°C and with 0.5, 1, 2 and 
4g /g of fabric as initial bath concentrations. During the kinetics, the QF remaining in the bath 
exhaustion was measured by spectroscopy at 488 nm and permit to evaluate the QF adsorb 
onto the cotton fabrics. 
 
− Temperature dependence of the adsorption of QF 
An understanding on adsorption kinetics at different temperatures is of immediate interest from a 
practical point of view. Depending on the results, the temperature of the finishing can be 
optimized. The experimental data reveal a fast adsorption of more than 70% of QF within less 
than 200 sec and an increase of the adsorbed amount with temperature for Knitwear and Terry 
fabrics (Figure 34 and Table 5). One possible reason is that by increasing the temperature, 
hydrogen bonds between cellulose chains are broken, yielding some voids in the cotton fibre 
with free hydroxyl groups thus ready to interact with the silicone polymer. Therefore, the fabric 
becomes more susceptible for interactions with the silicone compound. Both kinds of fabric 
show the same behaviour towards the silicone molecules except that for Terry fabric the plateau 
is quickly reached than for Knitwear fabric and suggest that the structure of the fabric plays is 
play a role in the adsorption. 
 
Table 5: Effect of the temperature on the adsorption of fluorescently labelled silicone (QF) 
onto Knitwear and Terry fabrics after 600 sec 
Temperature (°C) mg silicone QF /g Knitwear Fabric mg silicone QF /g Terry Fabric 
30 0.71 (71%) 0.79 (79%) 
40 0.77 (77 %) 0.85 (85 %) 
50 0.85 (85 %) 0.91 (91 %) 
60 0.92 (92 %) 0.94 (94 %) 
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Figure 34: Adsorption kinetics of fluorescently labelled silicone (QF) on Knitwear and Terry 
fabrics at different temperatures 
 
The kinetic parameters of the first-order and second-order models calculated at different 
temperatures are given in Table 6. For both of cotton fabrics, the correlation coefficient R2 
closer to 1 is from the first-order model and indicate us that the adsorption is concentration 
dependence of QF at different temperatures. At all temperatures, the adsorption rate constants 
on Terry are slightly higher than the corresponding ones for Knitwear fabric. This behavior is 
probably due to the less compact structure of the Terry fabric. The data indicate that despite 
the high molecular weight of the polymeric product QF the adsorption is a kinetically 
controlled fast process. It can be assumed in this context that the high flexibility of the silicone 
chains is a prerequisite for this fast adsorption process.  
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Table 6: Comparison between the parameters of different kinetics models 
Pseudo first order Pseudo second order Fabric 
Type 
T 
(°C) k1 Cmax R2 k2 Cmax R2 
30 0.0077 0.88 0.9986 0.0042 2.41 0.9771 
40 0.0082 0.88 0.9956 0.0032 3.19 0.9883 
50 0.0087 0.94 0.9989 0.0084 1.64 0.9858 Terry 
60 0.0093 0.95 0.9994 0.0072 1.99 0.9910 
30 0.0069 0.72 0.9940 0.0015 2.97 0.9726 
40 0.0076 0.81 0.9891 0.0015 3.11 0.9882 
50 0.0081 0.87 0.9890 0.0019 2.38 0.9981 
Knitwear 
60 0.0085 0.91 0.9974 0.0021 1.92 0.9938 
 
− Concentration dependence of the adsorption of QF 
It is of immediate practical importance to understand the variation of silicone concentration on 
the fabric over time. The adsorbed amount of the silicone and the finishing time depend 
directly on these results.  
Figure 35 shows the concentration dependence of adsorption kinetics at 40°C indicating that a 
fast adsorption up to equilibrium saturation takes place during the first 100 sec. The QF 
concentration in the bath also affects the amount on adsorbed at equilibrium. At low silicone 
concentrations, the active sites on the fibre surface are able to absorb all molecules of silicone 
from the finishing bath. At high concentrations, the adsorption efficiency is lower due 
probably to the size of molecules leads to a steric hindrance between silicone 
molecules(186).There are no free sites available anymore and repulsive forces between silicone 
molecules on fibre surface increase the competition for saturation. Thus the almost complete 
bath exhaustion is done at low silicone concentrations (187). The adsorption rate constants 
calculated at different initial concentrations do not show a clear trend (Table 7) what further 
supports that the process is diffusion controlled. 
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Figure 35: Kinetics of adsorption of fluorescently labelled silicone (QF) onto Knitwear and 
Terry fabrics at different concentrations at 40oC 
 
Table 7: Effect of the initial bath concentration of fluorescently labelled silicone (QF) on the 
adsorption onto Knitwear and Terry fabrics after 600 sec  
Knitwear (after 600 sec) Terry (after 600 sec) 
First order First order 
Initial 
concentration 
(mg/ml) 
mg QF/g 
fabric k (sec-1) R2 
mg QF/g 
fabric k (sec-1) R2 
0.025 0.480 0.0087 0.80 0.492 0.0089 0.951 
0.05 0.774 0.0073 0.929 0.851 0.0099 0.936 
0.1 1.093 0.0108 0.945 1.217 0.0096 0.946 
0.2 1.511 0.0094 0.966 1.523 0.0143 0.988 
R2: correlation coefficient 
 
− Adsorption kinetics of Q (non-fluorescence) at different temperatures 
The adsorption kinetics at different temperatures were evaluated after reaction of ammonium 
groups of Q with bromophenol blue in the solution by spectrophotometry and at different 
treatment times. 
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Figure 36 shows the effect of temperature on the adsorption of Q per gram of Knitwear or 
Terry fabric over the treatment time. One notices the fast adsorption of the Q on the fabric 
surface in the first seconds of the treatment and after 600 sec of the treatment the silicone 
concentration on the fabric is almost constant. The Q concentration on the fabric increases also 
with increasing the finishing temperature to 60°C; a further increase of the temperature does 
not yield a further increase in silicone’s concentration on the fabrics. From these data, we 
conclude that the non-fluorescent silicone compound behaves similarly with the fluorescent 
one. 
0 200 400 600 800 1000 1200
0
5
10
15
20
25
30
 30°C
 40°C
 50°C
 60°C
 70°C
C
on
ce
nt
ra
tio
n 
of
 M
ag
na
so
ft
 S
ilQ
®
 (m
g/
1g
 fa
br
ic
)
Time (sec.)
Knitwear Fabric
    
 
0 200 400 600 800 1000 1200
0
5
10
15
20
25
30
Terry Fabric
 30°C
 40°C
 50°C
 60°C
 70°C
C
on
ce
nt
ra
tio
n 
of
 M
ag
na
so
ft
 S
ilQ
®
 (m
g/
1g
 fa
br
ic
)
Time (sec.)  
Figure 36: Effect of finishing temperature on the siliconquat (Q) concentration on Knitwear 
and Terry fabrics with the change of the finishing time 
 
− Determination of the diffusion coefficients 
The diffusion coefficient quantifies the ability of the molecules to diffuse from the surface of 
the fibre into its bulk. Table 8 summarizes the diffusion coefficients and quantities of the 
silicone adsorbed per gram of fabric, the rate constants for the first-order kinetic model (k) and 
the correlation coefficient (R2). The calculated diffusion coefficients are based on the values of 
2011 
  Amina L. Mohamed 79
the rate-constants (see Equation 7). They are very small in all the cases comparing with water 
itself (2.18 _ 10-10 D(cm2sec-1)) (188), indicating that the diffusion into the bulk of the fibre is a 
very slow process. It is known that diffusion coefficients are high for small molecules and for 
polymers with a low degree on crystallinity and low thickness (189, 190). It was observed earlier 
that the diffusion coefficients of different alkanes into virgin polypropylene are different at the 
same temperature and  increase with temperature . The diffusion coefficient for the low 
molecular weight undecane was 2.1 × 10−9  whereas for the higher molecular weight octadecane 
a value of  8.7 × 10−10 was found  at 40°C (191).  
 
Table 8: Diffusion coefficients of silicone adsorption onto Terry and Knitwear fabrics 
Fabric type T°C mg (QF) / 1g fabric 
Rate constant (k)
(sec-1) 
R2 
Diffusion coefficients
(D/cm2 sec-1)⋅10-15 
30 18.9 0.0075 0.9940 1.0 
40 20.2 0.0077 0.9891 1.1 
50 22.7 0.0079 0.9890 1.2 
60 24.3 0.008 0.9974 1.2 
Knitwear 
70 24.8 0.0081 0.9940 1.2 
30 21.3 0.0077 0.9986 1.1 
40 22.2 0.0082 0.9956 1.2 
50 24.0 0.0087 0.9989 1.4 
60 25.0 0.0093 0.9994 1.6 
Terry 
70 25.2 0.0099 0.93172 1.8 
 
− Determination of the adsorption model  
As expected, product Q does not influence the yellowness index of the finished fabric. On the 
other hand, its fluorescently labelled derivative, QF, can be used to measure the yellowness 
index, from which one can determine the adequate adsorption model for concentrations 
ranging from 0.5 to 10 mg of QF/g of cotton fabric (Figure 37). Comparing the fit of the 
experimental data with the Langmuir and Freundlich models, for both Knitwear and Terry 
fabrics the best correlation coefficient (R2) is obtained from the Langmuir model (0.993 and 
0.997 respectively). This suggests that the adsorption process of product Q follows a Langmuir 
model and forms a monolayer on the surface of the cotton fibre with silicone molecules  
adsorbed onto specific active sites on the fibre surface. Cmax values represent the possible 
amount of adsorbed silicone onto the fibre surface when the surface of the fibre is saturated 
and does not attract additional molecules anymore (Table 9). 
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Figure 37: Yellowness index curves for the treated Knitwear or Terry fabrics with 
fluorescently labelled QF 
 
Table 9: Parameters of adsorption isotherm models of siliconquat (Q) onto Terry and Knitwear 
fabrics 
Langmuir isotherm Freundlich isotherm Fabric 
Type KL Cmax 21R  Kf n 
2
2R  
Knitwear 2.43 17.73 0.9924 7.30 1.28 0.9531 
Terry 1.95 24.27 0.9964 12.13 1.25 0.9646 
 
4.3.1.1.2. Thermodynamic analysis of adsorption process 
The activation energy (Ea) provides information on whether the adsorption process is mainly 
physical or chemical. Unuabonah et al. (192) reported that the activation energy of physisorption  
typically does not exceed 4.20 kJ/mol. In the case of physisorption, the compound can adsorb 
on surfaces via intermolecular interactions such as electrostatic, ionic, hydrogen or 
hydrophobic interactions. Chemisorption is the result of a stronger immobilization process; it 
has a wide range (related to the chemical bond strength) typically from 40 - 800 kJ mol-1(193). 
In our case, the Arrhenius plots shown in Figure 38, yield 5.31 and 5.39 kJ⋅mol-1  as activation 
energy values for Knitwear and Terry fabrics respectively (see Table 10) and means that the Q 
adsorption on cotton fibres is a physisorption process on specific site. The activation energy is 
in the range of electrostatic and hydrophobic interactions (Van der Waals force: 0.4-4 kJ/mol, 
hydrogen bonds: 8-30 kJ/mol, electrostatic interaction: 4 – 20 kJ/mol, hydrophobic 
interactions: <40 kJ/mol) (194). This result suggests that the rearrangement of the Q molecules 
on the cotton surface is firstly due to electrostatic interactions between the  quaternium groups 
of silicon softener(Q) positively charge and the hydroxyl groups of cellulose negatively charge  
(195, 196)) and taking also into account the steric hindrance. Secondly, the hydrophobic 
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interactions formed between the hydrophobic groups of Q and the hydrophobic ribbon face of 
the cellulose. 
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Figure 38: Arrhenius plot for the rate-constants calculated for product Q 
 
The thermodynamic parameters calculated at different temperatures are listed in Table 10. The 
positive value of ΔH confirms that the adsorption is an endothermic process. The entropy (S) is 
a measure for the state of disorder in a system on the atomic, ionic, or molecular level. The 
negative value of ΔS reflects interactions between Q and cotton(183)  and suggests that Q is 
arranged more ordered on the surface of cotton cellulose. The positive value of ΔG confirms 
the endothermic and nonspontaneous (at room temperature) nature of the interaction; the 
reaction needs energy (temperature) to occur. The increase of adsorbed amount of Q with 
temperature supports this conclusion. 
 
Table 10: Thermodynamic parameters of the adsorption of Q onto both Terry and Knitwear 
fabrics 
Temp. Fabrics  
Type °C °K 
Ea 
kJ.mol-1
ΔH 
KJ.mol-1 
ΔS 
J.mol-1 
ΔG 
KJ.mol-1 
30 303.15 86.8 
40 313.15 89.6 
50 323.15 92.3 
60 333.15 95.1 
Knitwear 
70 343.15 
5.31 2.63 -277.6 
97.9 
30 303.15 86.6 
40 313.15 89.3 
50 323.15 92.1 
60 333.15 94.9 
Terry 
70 343.15 
5.39 2.71 -276.6 
97.6 
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4.3.1.1.3. Chemical composition of the surface 
X-ray Photoelectron Spectroscopy (XPS) allows a quantitative analysis of the atomic 
composition of a given surface. It can be used in order to detect the change of the chemical 
composition of the cotton fabric surfaces during the treatment with the silicone compound. The 
Atomic silicon percentage present on untreated and treated surface fabric were also 
investigated, as shown in Figure 39. 
Atomic silicon percentage versus time curves were traced back to adsorption rate in Figure 39, 
especially for the first seconds of the treatment. The investigations were performed at two 
different treatment temperatures, at 60°C, as high and at 40°C as low temperature treatment. 
The data in Figure 39 show that, after 10 sec of treatment the maximum silicone concentration 
is already adsorbed from the bath. No significant change is noticeable for the silicone 
concentration after 30 and 60 sec. At the end after 20 min, the concentration of the silicone on 
the surface is the same. This means that the silicone adsorbs quickly onto the fabric surface. 
One may conclude that the silicone forms strong bonds on the surface of cotton fibres, 
probably between the quat/amino groups (positively charge) of the silicone compounds and the 
hydroxyl groups of cellulose (negatively charge).  
The increase of the temperature of the treatment for both fabrics leads to a slight increase of 
the silicone amount on the fabric surface. One also observes that Terry fabric adsorbs more 
silicone than the Knitwear fabric at the same treatment time, which is attributed to the 
differences in fabric constructions, with Terry fabric being more opened than Knitwear fabric. 
While the Terry fabric works as a sponge and adsorbs large amounts of silicone compound the 
Knitwear has less opportunities to do so because of it’s compact structure. 
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Figure 39: Relative concentration of silicon atoms on Terry and Knitwear surfaces over time 
at 40 and 60°C 
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4.3.1.1.4. Effect of treatment time on the amount of adsorbed  silicone compound 
The ATR-FT-IR spectroscopy was used to determine the relative amount of silicone on the 
treated cotton fabric. The total area of the cellulose signal (850–1200 cm-1) was determined in 
relation to the area of silicone signal (see Equation 15).  
Figure 40 shows the changes of the relative amount of silicone on the treated fabric depends 
on the treatment duration. The relative amount of silicone increases with the increase of 
finishing time. During the first 300 seconds, the change of relative amount of silicone is 
significant while later only minor changes were found. Terry absorbs larger amounts of 
silicone than Knitwear fabric does. This is attributed to the differences of the fabric 
constructions, Terry fabric being more open than Knitwear fabric and acting like a sponge, 
adsorbing more silicone compound. The Knitwear structure is compact and therefore it is less 
susceptible to adsorb easily the silicone. 
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Figure 40: Relative concentration of silicone on Terry and Knitwear fabrics as depending on 
the treatment time 
 
4.3.1.1.5. Distribution of the silicone Q on the fabric surface 
The fluorescence microscopy pictures (Figure 41) show that the fluorescently labelled silicone 
QF covers completely the Knitwear fabric surface after 30 sec of treatment. The micrographs 
taken after 30 sec and after 1800 sec of treatment do not highlight major differences. These 
results confirm that a very fast adsorption occurs during the first few seconds, as already 
indicated by the kinetic analysis. 
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Figure 41: Distribution of the fluorescently labelled silicone QF on the surface of Knitwear 
fabric before, during and after the treatment 
Before treatment (a), after 30 sec. of treatment (b) and after 1800 sec. of treatment (c) 
 
4.3.1.1.6. Distribution of  the silicone in the cross-section of the fibre 
Confocal Raman microscopy (CRM) and Energy Dispersive X-ray spectroscopy coupled to the 
Scanning Electron Microscopy (EDX/SEM) were used to study and evaluate the distribution of 
silicone compound in the bulk of cotton fabrics as a function of treatment time (after 0, 300, 
600, 1200 and 1800 sec, respectively). All the treated cotton fabrics with the non-fluorescent 
silicone quat were rinsed with hot water (50°C) and then dried. CRM was used for determine 
the amount of silicone at 0.5 µm below the surface and in several depths below surface of 
finished fibre. 
 
− Visualization the distribution of silicone by EDX/SEM 
The distribution of Q over the cross-section of cotton fibres after different treatment times was 
determined by means of SEM/EDX. 
Figure 42 shows the SEM/EDX micrographs of untreated and treated Knitwear and Terry 
fabrics. It was noticed that both untreated fabrics still contain a very small amount of silicone 
even after the 24 hours extraction with n-hexane. The silicone is homogenously distributed all 
over the fabrics. This background quantity on silicone is neither significant nor critical with 
respect to the adsorbed amount after the treatment with the softener. 
Figure 10 shows that for any treatment time the silicone from product Q is located 
predominantly on the fibre surface (see Figure 42). 
Knitwear fabric that was treated for 1200 seconds (Figure 43a and Figure 43b) was 
reanalyzed after 3 weeks storage at RT and showed a conservation of the initially found 
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distribution. (Figure 43d). Figure 43c contains a line mapping which shows the distribution of 
carbon, oxygen and silicone in red, green and blue, respectively. Each intensity peak of the 
distribution corresponds to an intersection of the line with a fibre. Within the red square of 
Figure 43c the blue graph shows three peaks corresponding to the presence of silicone element 
predominantly on the external surface of the fibre. The EDX analysis provided qualitative 
information on the distribution of the element silicone. Quantitative conclusions could not be 
dawn. This is why CRM was used in addition. 
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Figure 42: SEM micrographs and EDX mapping of the silicone element distribution for cross 
section of untreated and treated cotton fibres 
A) Knitwear Blank  F)  Terry Blank  
B) Knitwear fabric after 30 sec treatment G)  Terry after 30 sec treatment  
C) Knitwear fabric after 600 sec treatment H)  Terry after 600 sec treatment  
D) Knitwear fabric after 1200 sec treatment I)  Terry after 1200 sec treatment  
E) Knitwear fabric after 1800 sec treatment J) Terry after 1800 sec treatment  
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Figure 43: SEM micrographs and EDX mapping of the silicon element distribution for cross 
section of cotton fibres treated for 1200 sec  
(a and b after treatment , c and d after 3 weeks of storage) 
 
− Confocal Raman Microscopy (CRM) 
Confocal Raman Microscopy was used to quantify the amount of the silicone compound on the 
surface and in the bulk of the treated Knitwear and Terry fabric and to analyze the untreated 
and treated fabrics at various depths under the surface. CRM spectra show that the product Q is 
mainly present in a layer ranging from about 0.5 µm on top of surface to 1.5 µm depth (Figure 
44). This means that Q adsorbs mostly on the surface of the cotton fibre and forms an 
approximately 2 µm thick surface layer. Scheme 13 is a schematic presentation of silicone 
quat’s distribution across the fibre cross section.  
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Figure 44: Depth profile of the CRM across a single cotton fibre after 1800 sec treatment 
 
 
 
 
 
 
 
 
Scheme 13: Scheme for distribution of Q across a single cotton fibre after 1800 sec 
 
4.3.1.2. Study of the Permanence of Silicone Compound on Cotton Fabric 
(Desorption Process)  
4.3.1.2.1. Desorption kinetics of QF 
As for the kinetics of adsorption, the measurement of the absorbance of the washing bath at 
different times of laundering allows calculating the quantity of silicone desorbed and, from the 
difference, the amount still present on the fabric. In order to study the washing process of the 
QF two analytical methods were run in parallel: the analysis of the change of the bath 
concentration and the change of the silicone concentration on the fabric with help of the yellow 
value, respectively. The concentration of the washing bath was determined photometrically at 
λ= 488 nm. The percentage of the desorbed silicone from the fabric surface, the rate constant 
and the diffusion constant of the desorption process were determined for both kinds of fabric. 
In addition, the decrease in silicone concentration on the fabric surface was monitored with the 
change of the yellow value. It is expected that during the wash non-bounded molecules will be  
accessible to desorption from the fabric surface and this way removed by the detergent in 
Low amount of 
Silicon 
High amount of 
Silicon 
2      0    -2    -4   -6    -8     
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cooperation with the mechanical movement of washing solution. Silicones, which are really 
bounded to the fabric, will not be affected. Figure 45 represents the change in silicone 
concentration in the washed fabrics based on the change in the yellow value and Figure 46 
shows the relation between the washing time and the silicone concentration on the Knitwear 
and Terry fabrics at 40 and 60°C as a washing temperature. The results of the washing kinetics, 
which are shown in Figure 46 and summarized in Table 8, confirm that, under the 
experimental conditions approximately 20% of the silicone desorbs during the first 10 minutes 
of the laundry cycle. Afterwards, the silicone concentration on the fibre and in the bath 
remained almost constant. This means that at the beginning of the washing cycle some excess 
silicone, which is not well bonded on the fibre surface, is mobilized by the detergent. 
Afterwards, the truly fixed adsorption layer remains stable. Additionally, it was found that 
desorption is almost unaffected by a drastic increase of the washing temperature from 40 to 
60°C. Even at the elevated temperature approx. 80% of the silicone polymer remained on the 
fibre surface, thus highlighting the durable character of QF.  
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Figure 45: Yellowness index curves of treated Knitwear and Terry fabrics according to the 
change in washing time 
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Figure 46: Kinetics of desorption of QF on the Knitwear and Terry fabrics 
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The data in Table 11 summarizes the rate constant and the diffusion coefficient of desorption 
of the silicone compound from the surface of both fabrics to the washing solution. The results 
show that rate constants of the desorption process are nearly equal, regardless of the washing 
temperature. This was also concluded for the adsorption process. The diffusion coefficients of 
the desorption process are also very similar at different washing temperatures. Comparing the 
results with those previously calculated for the adsorption process one finds that the diffusion 
constant of the adsorption is ten times higher than the corresponding one for the desorption 
process. This indicates that the silicone compound diffuses faster from the treatment bath onto 
the surface of the fabric during the finishing process than it desorbs from the surface of the 
fabric into the washing solution during the washing process. QF has a natural tendency to stay 
on the surface. The diffusion constant for the desorption process of the silicone compound 
from Terry fabric is smaller than that one for  Knitwear fabric, what means that desorption of 
the silicone from Terry is slower than the one from Knitwear fabric. 
 
Table 11: Effect of the temperature on the desorption of fluorescently labelled silicone QF 
from Knitwear and Terry fabrics after 600 sec 
Fabric 
type 
Temp. 
°C 
Initial silicone 
concentration 
(mg/1g fabric) 
Final silicone 
concentration
(mg/1g fabric)
Desorbed 
silicone  
% 
Rate 
constant (k) 
(sec-1) 
Desorption  
coefficient  
D(m2sec-1)×10-16
40 27.4 18.3 0.0083 -1.27 Knitwear 60 33.58 26.8 20.2 0.0088 -1.433 
40 31.4 15.6 0.0081 -1.214 Terry 60 37.28 30.8 17.2 0.0087 -1.400 
 Negative value means: desorption of the QF from the fabric surface to the washing solution 
 
 
4.3.1.2.2. Desorption of the non-covalently bounded silicone softener (Q) on the surface 
of cotton fabrics 
- Effect of the number of washing cycles on the durabilty of silicon compound 
This part reflects a set of experiments which was carried out to demonstrate the desorption of 
not directly bound material since the fabrics were treated with an extremely high amount of Q 
(40 mg/g cotton). Because of the high amount of silicone in the finishing bath, it was expected 
that the main portion of the silicone did not get the chance to adsorb directly to the fibre 
surface. .FTIR spectroscopy measures the change of the relative amount of A on the cotton 
fabric depending on the number of washing cycles, a washing cycle meaning washing for 30 
min at 40°C.  
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Figure 47 shows the results of FTIR analysis for the washed Knitwear and Terry fabrics. The 
FTIR data show demonstrate that there is a steady decline in the silicone amount on the fabric 
with the number of washing cycles. 
For Knitwear fabric, nearly 20% of the total silicone is lost during the first washing cycle and 
77.9 % after 5 washing cycles For Terry fabric, a higher surplus of silicon is present in the 
beginning due to the more sponger structure such as Terry fabric and after 5 washing cycles 
the amount remaining is slightly higher than Knitwear fabric. 
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Figure 47: Relative amount of silicone in Knitwear and Terry fabrics depending on the 
number of washing cycles   
 
- Investigation of the Fabric surface treated with Q during the Washing processes 
using XPS analysis 
The treated cotton fabrics with Q washed and presented previously were used to detect the 
Silicon content on the surface fabric using XPS. The change of silicon content on the surface 
of washed fabrics with the number of washing cycles is shown in Figure 48 for Knitwear and 
Terry fabric, respectively. 0 being the amount of silicon on the unwashed fabric and blank 
stands for the amount of silicon on the untreated (cleaned by n-Hexan) fabric. XPS results for 
the Knitwear fabric shows that after the first washing cycle the amount of silicon on fabric's 
surface has a relative decrease of 35% compared to the unwashed fabric. After two washing 
cycles, the relative decrease of silicon reaches 54% and 79% at the end of the five washing 
cycles. For the Terry fabrics XPS results indicate that after one washing cycle 21.5% of the 
silicon compound was removed. The amount of total silicon decreases to 41.3% after three 
washing cycles, and reaches 68.6% at the end of the 5 washing cycles. From these results, we 
can state that the durability of silicone compounds is better on the Terry fabric (31.7%) than on 
the Knitwear fabric (21%) after five washing cycles. This finding suggests that the fabric 
structure plays a role during the adsorption and desorption process of silicone compounds on 
the fabric surface.  
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Figure 48: Silicon content on the surface of Knitwear and Terry fabrics depending on the 
number of washing cycles 
 
From the previous results one can conclude that, approximately 80% (32mg/g) and 68.3(27.32 
mg/g) of initial adsorbed amount of silicone softener (40mg/g) onto Knitwear and Terry fabric 
respectively were lost after 5 washing cycles. This means that approximately 8mg/g and 12.68 
mg/g of silicon are permanently remain on the Knitwear and Terry surfaces respectively, 
which is still expected good amount because it is typically in the range of industrial textile 
finishing protocols (8mg/g). This finding also proved that artificial increasing of the silicon 
concentration on the finishing bath does not have any positive effect on a durability of the 
silicon on the fibre surface.  
 
4.3.1.3. Conclusion 
Magnasoft SilQ® (Q) has a fast adsorption (less than 100sec, 70% of Q is adsorbed) dependent 
on the concentration (pseudo first order) and forms monolayer with specific interaction 
between the silicone compound and the surface cotton fiber (Langmuir model). The adsorption 
of Q on cellulose fiber is physisorption on specific sites and with electrostatic and hydrophobic 
interaction given an  reorganization of molecules (Ea) The final system is more stable than 
before the adsorption (ΔH, ΔS) and the reaction is non spontaneous(ΔG). On the surface of the 
cotton fiber, Q is mainly present in a layer ranging from about 0.5 µm on top of surface to 1.5 
µm depth. During the laundering, Magnasoft  SilQ® is strongly adsorb and stable on the cotton 
surface and not affected by the temperature washing (only 20% of the silicone desorbs during 
the first 10 minutes of the laundry cycle, afterwards the silicon concentration remain constant; 
desorption coefficient 10 times lower than the adsorption coefficient) . 
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4.3.2. Physicochemical Study of the Adsorption of Aminosilicone Softener 
(TSF 4708)  onto Cotton Fibre 
Due to their well-known properties, aminosilicone softeners are widely used in the textile 
industry. The high bonding affinity of the aminopolymers makes them more substantive to 
fabrics than the other silicone polymers. Because of the interactions of amino groups with 
textile materials, aminofunctional siloxanes are physically adsorbed onto fibre surfaces. This 
adsorption feature improves the durability of amino functional siloxane fabric softeners during 
the washing process (197). The amino groups of silicone anchor to the fibre via attractive 
electrostatic forces. During application, generally done under acidic conditions, theses amino 
groups are temporarily quaternized to cationic species which have a stronger attraction to the 
negatively charge fabric. This is particularly true for cotton-based fabrics, which develops a 
negatively charged surface in an aqueous environment. The inter fibre friction is reduced in 
this way, producing the desired softener effect. The physical properties of typical aminoalkyl 
functional siloxanes have been described before (82). These aminosilicone softeners are best 
delivered to the textile surface in the form of an emulsion (198).It is of a great interest to 
determine the differences and similarities between the aminosilicone which have pH dependent 
non permanently charge and the silicone quat permanently charged (Q). In this present work 
the adsorption and desorption kinetics of aminosilicone compound (A) and their distribution 
were investigated and compared with those of silicone quats (Q). The investigation of TSF 
4708 kinetic adsorption, its distribution across the cotto fibre and its desorption followed the 
same procedure as Magnasoft SilQ® 
 
4.3.2.1. Adsorption Study   
4.3.2.1.1. Adsorption Kinetic 
The adsorption kinetics with different concentrations and at different temperatures will permit 
to understand the adsorption mechanism of TSF 4708 onto cotton fibres.  
 
− Adsorption kinetics of AF at different temperatures  
An understanding on the temperature dependence of the adsorption kinetics is of immediate 
interest from a practical point of view. Depending on the results, the temperature of the 
finishing can be optimized (203). 
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The fluorescently labelled TSF 4708 derivative (AF) The temperature dependence adsorption 
kinetic presented in Figure 49 shows a fast adsorption with already 75% of initial AF amount 
within the first 100 sec onto Terry or Knitwear fabric at 30 and 40°C. By increasing the 
temperature to 50 and 60°C, the AF content increases to 88% of the initial AF over the same 
treatment. The increasing amount of AF adsorbed with the temperature is probably from 
broken hydrogen bonds between cellulose chains resulting in voids and able to accommodate 
more products. Under the same conditions, Terry fabric adsorbs more silicone compound as 
shown in Table 12 and probably due to that, Terry fabric has more open construction structure 
than Knitwear fabric. These results are in line with the result for the previously studied QF. 
Both silicone compounds (AF and QF) are quickly adsorbed compounds. The final amounts of 
adsorbed AF on both fabrics at any finishing temperature are higher than the adsorbed amounts 
on QF under the same finishing conditions. This is may be attributed to the lower molecular 
weight compared to of AF compared to QF. 
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Figure 49: Adsorption kinetics of fluorescently labelled silicone AF on Knitwear and Terry 
fabrics at different temperatures 
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Table 12: Effect of the temperature on the adsorption of fluorescently labelled (AF) onto 
Knitwear and Terry fabrics after 600 sec 
mg Silicone (AF)/g Cotton Fabric Temperature 
(°C) Knitwear Fabric Terry Fabric 
30 8.0 (80%) 8.2 (82%) 
40 8.3 (83%) 8.6 (86%) 
50 8.8 (88%) 9.2 (92%) 
60 9.5 (95%) 9.8 (98%) 
 
To define how is the adsorption mechanism, the kinetic parameters of the first-order, second-
order and equation models at different treatment temperature were determined and  given in 
Table 13 for both cotton fabrics. Table 13 shows, that the correlation coefficients R2, for the 
first order kinetics are higher than the second order ones. These results prove that the 
adsorption of both, AF and QF, fits the first order kinetics and therefore is exclusively 
dependent on the concentration of silicone compounds. As already outlined for QF, the rate 
constant of the adsorption process of AF is nearly constant at different temperatures for both 
kinds of fabrics. This means that the temperature range of the finishing process has no 
significant influence on the rate of the adsorption process; the adsorption seems to be strictly 
diffusion controlled. The value of the rate constant for the reaction between Terry fabric and 
the AF compound is larger than the one for Knitwear fabric and the silicone compound. 
Thenthe AF adsorption onto the Terry fabric is faster than the one onto Knitwear fabric. The 
values of the rate constant for the adsorption of AF are higher than those for QF at the same 
finishing temperature and probably due to the lower molecular weight of AF compared to QF, 
which causes a higher adsorption rate of AF over QF. 
 
Table 13: Comparison of the kinetic parameters calculated for different models 
Pseudo first Order Pseudo second Order Fabric 
Type 
T 
°C k Cmax R2 k Cmax R2 
30 0.01066 5.81889 0.99847 0.00288 8.48176 0.99545 
40 0.01131 5.89508 0.99973 0.00218 9.53471 0.98759 
50 0.01235 6.52559 0.9984 0.00208 9.88142 0.99602 
Knitwear 
60 0.01341 7.20593 0.99605 0.00212 10.1719 0.99769 
30 0.01164 6.17874 0.99463 0.00333 8.25628 0.98065 
40 0.01292 7.65068 0.99761 0.00229 9.67962 0.98685 
50 0.01373 7.02846 0.99688 0.00212 10.1071 0.99133 
Terry 
60 0.01444 7.15484 0.98944 0.00277 10.0251 0.99129 
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− Adsorption kinetics of A (non-fluorescence) at different temperatures  
After the reaction of the amino groups of the silicone product with bromophenol blue, we 
determinate the silicone concentration adsorbed by the cotton fiber. 
The previous kinetic adsorptions of A show already that the concentration of A adsorbed onto 
the fabric increases during the first 200 seconds afterwards a plateau is reached.  
Figure 50 plots the amount of A per gram of Knitwear or Terry fabric over the treatment time; 
confirm a fast absorption of A onto the fibre surface during the initial phase of finishing 
process. The concentration of A on the fabric increases also with increasing the finishing 
temperature up to 60°C (Table 14); a further increase of the finishing temperature does not 
yield a further increase in silicone’s concentration on the surface of Knitwear fabrics. On 
contrast, increasing the finishing temperature to 70°C for Terry fabric, increase the amount of 
absorbed silicon. 
The kinetic adsorption of A on Terry fabric did not show plateau during 1200 sec, which may 
be reflected some slow diffusion of silicon molecules from the surface of the fabric to the bulk, 
leaving more free places to absorb more amount of silicon on the fibre surface. 
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Figure 50: Effect of finishing temperature on concentration of A on Knitwear and Terry 
fabrics with the change of the finishing time 
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− Determination of the diffusion coefficients 
To characterize the ability of the molecules to diffuse from the surface of the fibre into its 
bulk, the quantities of the silicone compound adsorbed per gram of fabric, the rate constants 
for the first-order kinetic model (k), the correlation coefficient (R2) and the diffusion 
coefficients, were determined and summarized in Table 14.  
The results show that in all the cases the calculated diffusion coefficients of A is really 
negligible, it is 105 times lower than the value of diffusion coefficients of water (2.18 × 10-10 
cm2.sec-1) (189), and indicating that the diffusion into the bulk of the fibre is a negligible 
process. Thus, the ability of A to diffuse from the outer surface of the fibre into the bulk 
cannot be possible. In addition, the values of the diffusion coefficients for Terry fabric are 
larger than those one for of Knitwear fabric. This can be attributed to the more open structure 
of Terry fabrics compared to the compact Knitwear.  
The values of diffusion coefficient of product A are higher than those of product Q. This may 
be attributed to the significant lower molecular weight of (A) compared to Q, which leads to a 
higher more mobility of product A over Q. The molecular weight of the molecule, the degree 
of crystallinity of a polymer is known to be the main parameters affecting the diffusion 
coefficients at a given temperature (204) 
Other parameters such as the geometry and the polarity the compound or the interaction 
between the compound and the polymer seem to have less importance. (205) 
 
Table 14: Rate constants and diffusion coefficients of the adsorption of silicone product onto 
Terry and Knitwear fabrics 
Fabric  
type T °C 
mg silicone/g 
fabric 
Rate constant (k)
(Sec-1) 
R2 
Diffusion coefficients
D(cm2sec-1)×10-15 
30 35.44 0.01066 0.9910 2.1 
40 37.11 0.01131 0.9861 2.4 
50 41.13 0.01235 0.9825 2.8 
60 42.55 0.01341 0.9926 3.3 
Knitwear 
70 44.34 0.01421 0.9877 3.7 
30 40.45 0.01164 0.9501 2.5 
40 45.72 0.01292 0.9682 3.1 
50 50.86 0.01373 0.9806 3.5 
60 59.20 0.01444 0.9990 3.9 
Terry 
70 63.63 0.0153 0.9939 4.3 
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− Determination of the adsorption model  
As expected, product A does not influence the yellowness index of the finished fabric. On the 
other hand, its fluorescently labelled derivative, AF, can be used to measure the yellowness 
index, from which one can determine the adequate adsorption model for concentrations 
ranging from 0.5 to 10 mg of AF/g of cotton fabric (Figure 51). The concentration of 
compound A on finished Terry and Knitwear during application were calculated from the 
linear relationship between the reciprocal values of yellowness index vs. the silicone 
concentrations and their empirical parameters were given in Table 15. 
Comparing the fit of experimental data with the Langmuir and Freundlich models, for both 
Knitwear and Terry fabrics, the best correlation coefficient (R2) is obtained from the Langmuir 
model (0.99 and 0.98 respectively). Thus the adsorption process of product A follows a 
Langmuir model then silicone molecules adsorbed onto specific active side on the surface 
cotton and form a monolayer on the surface on the cotton. Cmax values represent the maximum 
concentration of A that the surface of the fibre will be saturated.  
Both of aminosilicone AF and the silicone quat QF follow the same adsorption isotherm 
behaviour and form a monolayer at specific adsorption sites on the surface of both kinds of 
fabrics.  
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Figure 51: Yellowness index curves for the treated Knitwear or Terry fabrics with AF 
 
Table 15: Parameters of the adsorption isotherm models of AF onto Terry and Knitwear 
fabrics  
Langmuir isotherm Freundlich isotherm BET isotherm 
Fabric Type KL Cmax 21R  Kf N 
2
2R  Kb Cmax 
2
3R  
Knitwear 1.744 48.63 0.9952 16.58 2.064 0.84719 12.799 25.787 0.9815
Terry 0.844 113.4 0.97975 59.25 3.512 0.97681 33.209 69.376 0.97063
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4.3.2.1.2. Kinetics and thermodynamic analysis 
The activation energies (Ea) for the pseudo first-order kinetics and the diffusion kinetics of 
TSF 4708 on Terry and Knitwear fabrics are calculated from the Arrhenius plots (shown in 
Figure 52). The values of activation energy obtained from the slope of the linear plots of ln k 
versus 1/T is of 5.71 and 6.44 kJ⋅mol-1 for Knitwear and Terry fabrics, respectively, and they 
are listed in (Table 16).  
The low value of the activation energy means that the process is a physisorption on specific 
sites and the rearrangement of the aminosilicone A molecules during the reaction is mostly due 
to the hydrophobic and electrostatic interactions (Van Der Waals force: 0.4-4 kJ/mol, hydrogen 
bonds: 8-30 kJ/mol, electrostatic interaction: 4 – 20 kJ/mol, hydrophobic interactions: <40 
kJ/mol) (52). The hydrophobic interactions are between hydrophobic groups of the 
aminosilicone A and the hydrophobic ribbon face of the cellulose. And  the electrostatic 
interactions are between the positive charge silicon softener(A) and negative charge of 
hydroxyl on the cotton surface (53, 54) taking also into account the steric hindrance.  
 
0.0029 0.0030 0.0031 0.0032 0.0033
-4.55
-4.50
-4.45
-4.40
-4.35
-4.30
-4.25
-4.20
-4.15
 Knitwear Fabric
 Terry Fabric
ln
 k
1/T (K-1)   
Figure 52: Arrhenius plot for rate-constants of the desorption process of aminosilicone (A) 
softener 
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Table 16: Thermodynamic parameters of the adsorption of A onto Terry and Knitwear fabrics 
T Fabrics  
Type °C K 
Ea 
kJ.mol-1
ΔH 
KJ.mol-1 
ΔS 
KJ.mol-1 
ΔG 
KJ.mol-1 
30 303.15 85.8 
40 313.15 88.5 
50 323.15 91.2 
60 333.15 93.9 
Knitwear 
70 343.15 
6.44 3.76 -270.5 
96.6 
30 303.15 85.5 
40 313.15 88.2 
50 323.15 90.9 
60 333.15 93.6 
Terry 
70 343.15 
5.71 3.04 -271.9 
96.4 
 
The thermodynamic parameters calculated at different temperatures are listed in (Table 16). 
The positive value of ΔH confirms that the adsorption process is an endothermic process, thus 
the reaction consume energy during the adsorption process. The entropy (ΔS), representing the 
state of disorder of a system at the atomic, ionic, or molecular level, is also negative, as a result 
of interactions between A and cotton cellulose (40). The negative value of ΔS suggests that the 
A arranges more ordered on the surface of cotton cellulose, mostly due to the high 
conformational flexibility of aminosilicone molecules. The positive value of ΔG confirms the 
endergonic then the non-spontaneous nature reaction.  
 
Table 17: Comparison between the thermodynamic parameters of the adsorption of A and Q 
onto both Terry and Knitwear fabrics 
Temp. Ea KJ.mol-1 
ΔH 
KJ.mol-1 
ΔS 
J.mol-1 
ΔG 
KJ.mol-1 Fabrics  Type °C °K A Q A Q A Q A Q 
30 303.15 85.8 86.8 
40 313.15 88.5 89.6 
50 323.15 91.2 92.3 
60 333.15 93.9 95.1 
Knitwear 
70 343.15 
6.44 5.31 3.76 2.63 -270.5 -277.6 
96.6 97.9 
30 303.15 85.5 86.6 
40 313.15 88.2 89.3 
50 323.15 90.9 92.1 
60 333.15 93.6 94.9 
Terry 
70 343.15 
5.71 5.39 3.04 2.71 -271.9 -276.6 
96.4 97.6 
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Summarizing up, the thermodynamic kinetics of both silicone softeners, which illustrated in 
Table 17 proved that, the adsorption mechanism of both silicon softener (Q and A) is the 
same. There is no significant difference in the values of the activation energy for both 
adsorption processes. The adsorption process of both silicone softeners is characterized as a 
physisorption by nature. There is hydrophobic interaction and an electrostatic interaction 
between both silicon compound and specific sides on the surface of cotton fabric. The reaction 
is non-spontaneous and needs energy (temperature) (ΔG). ΔS of both compound shows that, Q 
is slightly better organized than A during adsorption process. Scheme 14 shows the suggested 
the interaction between both silicone softeners (Q and A) and cotton surface. 
 
 
 
Scheme 14: Suggested reaction between both silicone softeners (Q and A) and cotton surface 
 
4.3.2.1.3. Effect of treatment time on the amount of adsorbed silicone softener 
compound 
The ATR-FTIR spectroscopy was used to determine the relative amount of silicone on the 
treated cotton fabric. The total area of the cellulose signal (850–1200 cm-1) was determined in 
relation to the area of silicone signal (see Equation 15).  
To determine the relative amount of A on the treated fabric (Terry and Knitwear), the fabrics 
were treated for different times to detect the change of silicone amount with time. Figure 53 
shows the changes of the relative amount of silicone (Sw) on the treated fabric depends on the 
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treatment duration. The Sw increases with the increase of finishing time. During the first 300 
seconds, the change of Sw is significant while later there are minor. Terry adsorbs larger 
amount of silicone than Knitwear fabric does attributed to the differences of the fabric 
constructions, Terry fabric being more open than Knitwear fabric and acting like a sponge, 
adsorbing more silicone compound. The Knitwear structure is compact and therefore it is less 
susceptible to adsorb easily the silicone. 
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Figure 53: Relative concentration of silicone compound on both Terry and Knitwear fabrics 
depending on the treatment duration 
 
− Comparison between adsorption kinetics of Q and A softeners. 
Form the previous data, both silicon softeners have the same kinetic adsorption behaviour onto 
cotton fabric e.g, fast adsorption, and ,with the same reaction mechanism. The adsorption 
process of both Q and A is characterized by a fast adsorption in within 100 seconds and more 
than 70% on the silicon compound have been adsorbed, where both softener are adsorbed 
rapidly in monolayers due to specific interaction between the silicone compound and the fibre 
(Langmuir model). The process is a physisorption by nature and formed by electrostatic and 
hydrophobic interactions between both silicon compound and specific sides on the surface of 
cotton fabric. During the adsorption, a reorganization of the molecules takes place and become 
more stable. The diffusion process of both silicon softeners into the bulk of the fibre is very 
slow. Scheme 15 shows the modelisation of deposition pattern of both silicon softeners 
(positively charged) onto the surface of cotton fabrics (negatively charged) during the finishing 
process. 
 
2011 
  Amina L. Mohamed 103
 
Scheme 15: Silicone (Q or A) deposition pattern during the finishing process 
 
4.3.2.1.4.  Distribution of the silicone A on the fabric surface 
− Distribution of the silicone on the fibre surface  
The fluorescence micrographs (Figure 54) show that the fluorescently labelled silicone AF 
completely covers the Knitwear fabric surface after 30 sec of treatment. The micrographs taken 
after 30 sec and after 1800 sec of treatment do not highlight major differences anymore. These 
results confirm that a very fast adsorption onto the surface occurs during the first few seconds, 
as already indicated by the kinetic analysis. 
 
 
Figure 54: Distribution of the fluorescently labelled silicone AF on the surface of Knitwear 
fabric before, during and after the treatment 
Before treatment (a), after 30 sec. of treatment (b) and after 1800 sec. of treatment (c) 
 
− Distribution of  the silicone across the fibre 
Energy dispersive X-ray spectroscopy was used to study and evaluate the distribution of 
silicone compound across the cotton fabrics. Figure 55 shows the EDX/SEM micrographs of 
untreated and treated Terry and Knitwear fabrics. As shown in Figure 55 both untreated 
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fabrics still have a very small amount of silicone compounds left even after the 24 hours 
extraction with n-hexane. These amounts of silicone are homogeneously distributed on the 
surface and in the bulk of the fabric, but it is consider negligible compared to the adsorbed 
amount by the treatment with softener. From Figure 55, we can see that, for all treatment 
durations there is a good deposition of the A onto the surface of the treated Terry and Knitwear 
fabrics. Most of the adsorbed silicone is located on fabric’s surface but there is a significant 
portion located in the lumen of the treated fibres. This marks a significant difference to QF and 
can be attributed to the lower molecular weight of A compared to Q.  
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(A)    (F) 
 
(B)    (G) 
 
(C)    (H) 
 
(D)    (I) 
 
(E)    (J) 
Figure 55: SEM and EDX micrographs of treated and untreated fabrics during treatment. 
A) Knitwear Blank  F)  Terry Blank  
B) Knitwear fabric after 30 sec treatment G)  Terry after 30 sec treatment  
C) Knitwear fabric after 600 sec treatment H)  Terry after 600 sec treatment  
D) Knitwear fabric after 1200 sec treatment I)  Terry after 1200 sec treatment  
E) Knitwear fabric after 1800 sec treatment J) Terry after 1800 sec treatment  
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Confocal Raman Spectroscopy was used to prove the presence of the silicon compound across 
the fiber from the surface to the bulk of the treated Terry and Knitwear fabric and a depth 
profile was established. Figure 56 and Figure 57 show Confocal Raman spectra for the 
untreated Terry and Knitwear fabric. The results confirm the presence of low amount of silicon 
compound on the surface and in the bulk of the untreated (extracted) fabric. The intensity of 
the peaks is weak (0.3 and 0.4 a.u of plain and terry fabric respectively), and fairly constant, 
proving that the amount of silicon is low, and the compound is homogeneously distributed. 
From the spectra of both treated Knitwear and Terry fabric at 1800 seconds, the high amount 
of silicon is located between the surface and 2μ depth under the surface, which confirms the 
EDX results. As shown in these figures the intensity of all peaks for Terry fabric at all 
treatment duration is higher than those for Knitwear fabric and confirm the results of XPS and 
kinetic adsorption. These also indicate that Terry fabric has the ability to absorb more amount 
of silicon compound than Knitwear fabric does at the same treatment conditions. CRM spectra 
and EDX/SEM data show that A is mainly present in a layer ranging from the top of surface to 
2 µm depth below the fibre surface and also in the lumen of the cotton fibre (Figure 57 and 
Scheme 16). As we saw in the kinetic adsorption, the diffusion of A from the surface to the 
lumen is negligible, so the presence A in the lumen is directly come from the bath solution. 
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Figure 56: Raman spectra of untreated and treated plain fabrics 
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Figure 57: Raman spectra of untreated and treated Terry fabrics 
 
 
 
 
 
 
 
Scheme 16: Scheme for distribution of TSF 4708 through the single cotton fibre after 1800 sec of 
treatment 
 
By comparing the distribution of both silicone softeners (Q and A) across the fibre cross 
section, the experiments show that Q is deposited mostly on the surface of the cotton fibre and 
forms an approximately 2 µm thick surface layer and not significantly located in the lumen of 
the fibre. While A forms also an approximately 2 µm thick surface layer from the top of 
surface to 2 µm depth below the fibre surface and also in the lumen of the fibre.  
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4.3.2.1.5. Desorption kinetics of (AF) 
The characteristic parameter for desorption kinetic: percentage of the desorbed silicone from 
the fabric surface, the rate constant and the diffusion constant of the desorption process were 
determined for both kind of fabric. In addition, the decrease in silicone concentration on the 
fabric surface was monitored with the change in yellow value. During the washing it is 
expected that the non-bounded molecules will be ease accessible to desorption from the fabric 
surface by the detergent in cooperation with the mechanical movement of washing solution. 
Silicones, which are adhered to the fabric, will not be affected. Figure 58 represents the 
change in silicone concentration in the washed fabrics as the change in the yellow value and 
Figure 59 shows the relation between the washing time and the silicone concentration on the 
Knitwear and Terry fabrics at 40 and 60°C as a washing temperature. The results of the 
washing kinetics, which are shown in Figure 59 and summarized in Table 18, confirm that, 
during the first 10 minutes of the laundry cycle 31.4 and 40 % of the total silicone amount are 
removed from Terry and from Knitwear respectively. Afterwards, the silicone concentration on 
the fibre and in the bath remained almost constant. This means that at the beginning of the 
washing cycle the surplus of silicone, which was not well adhered on the fibre surface and 
removed by the detergent. Afterwards, the truly fixed adsorption layer remains stable. 
Additionally, it was found that the desorption is almost unaffected by a drastic increase of the 
washing temperature from 40 to 60°C, even at the elevated temperature approx. 60 – 67 % of 
the silicone polymer remained on the fibre surface, thus highlighting the durable character of 
AF. Nevertheless, the data indicate that A removed from the cotton surface a significantly 
larger surplus than Q from the fibre. This confirms that compound Q is more durable than 
compound A  
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Figure 58: Yellowness index value of treated Knitwear and Terry fabrics according to the 
change in washing time 
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Figure 59: Kinetics of desorption of (A) on the Knitwear and Terry fabrics 
 
Table 18: Effect of the temperature on the desorption of fluorescently labelled silicone (AF) 
from Knitwear and Terry fabrics after 600 sec  
Fabric 
type 
Temp- 
°C 
Initial silicone 
concentration 
(mg/1g fabric) 
Final silicone 
concentration
(mg/1g fabric)
Desorbed 
silicone 
% 
Rate  
constant  
k (sec-1) 
Desorption 
coefficient  
D(m2sec-1) ×10-16
40 27.39 40 0.01059 - 2.075 Knitwear 60 45.65 25.56 44 0.01185 - 2.598 
40 36.21 31.4 0.00868 - 1.394 Terry 60 52.78 35.20 33.3 0.00978 - 1.769 
 
In Table 18 are represented the rate constant and the diffusion coefficient of desorption of the 
silicone compound AF from the surface of both fabrics to the washing solution. The results 
show that the rate constants of the desorption process are nearly equal for both fabrics as for 
the adsorption process. The diffusion coefficients of desorption process for both fabrics are 
also very similar at different washing temperatures and negligible. Comparing the results with 
those ones earlier calculated for the adsorption process one finds that the diffusion constant of 
the adsorption is one order of magnitude higher than the corresponding one for the desorption 
process. This indicates that the silicone compound diffuses faster from the treatment bath onto 
the surface of the fabrics during the finishing process than it desorbs from the surface of the 
fabric into the washing solution during the washing process. AF has a natural tendency to stay 
on the surface. The diffusion constant for the desorption process of the silicone compound with 
Terry fabric is smaller that that one for Knitwear fabric, what means that desorption of the 
silicone from Terry is slower than the one from Knitwear fabric. 
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Table 19 compared the desorption parameters for both silicone compounds QF and AF. The 
data of the rates constant and diffusion coefficients confirm that compound AF is faster 
desorbed than compound QF. Obviously, there is a stronger interaction between QF and the 
cotton surface. This can be attributed to the combined impacts of the permanent charge and the 
higher molecular weight. 
 
Table 19: Comparison of the desorption parameter of both silicone compounds (QF and AF) 
Desorbed silicone 
% 
Rate constant  
k (sec-1) 
Desorption coefficient 
D(m2sec-1) ×10-16 Fabric type 
Temp. 
°C QF AF QF AF QF AF 
40 18.3 40 0.0083 0.01059 -1.27 - 2.075 Knitwear 60 20.2 44 0.0088 0.01185 -1.433 - 2.598 
40 15.6 31.4 0.0081 0.00868 -1.214 - 1.394 Terry 60 17.2 33.3 0.0087 0.00978 -1.400 - 1.769 
 
4.4. Conclusions 
Both silicone softeners, Magnasoft SilQ® and TSF 4708, adsorbed very fast onto the cotton 
surface (more than 70% of the totally silicone is adsorbed during the first 200 seconds of the 
finishing process) and with concentration dependence. The adsorption efficiency increases 
with the finishing temperature. However, increasing Magnasoft SilQ® or TSF 4708 
concentration in the finishing bath leads to lower absorption efficiency, a small concentration 
of silicon compound is largely enough to adsorb the cotton surface. During the adsorption, 
Magnasoft SilQ® and TSF 4708 interact with specific active sites on the cotton surface 
yielding monolayers on the cotton surface (Langmuir model). Their adsorption on cellulose 
fiber is physisorption on specific sites and with electrostatic and hydrophobic interaction given 
an reorganization of molecules (Ea). The electrostatic interactions are between the 
quaternium/amine groups of silicon softener positively charge and the hydroxyl groups of 
cellulose negatively charge taking into account the steric hindrance. The hydrophobic 
interactions formed between the hydrophobic groups of silicon softener and the hydrophobic 
ribbon face of the cellulose. The final system is more stable than before the adsorption (ΔH, 
ΔS) and the reaction is non-spontaneous (ΔG). On the surface of the cotton fiber, silicon 
softener is mainly present in a layer with 2 µm of depth. During the laundering, Magnasoft 
SilQ® and TSF 4708 is strongly adsorbed and stable on the cotton surface and not affected by 
the temperature washing (only about 20% of the silicone desorbs during the first 10 minutes of 
the laundry cycle, afterwards the silicon concentration remain constant). The silicon softeners 
are stable on the cotton surface after washing (the adsorption process is more important than 
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the desorption process). However Magnasoft SilQ® is mainly present below the fibre surface 
and did not distribute into the lumen of the fibre, while TSF 4708 is located in a layer ranging 
from the surface to 2 µm depth below the surface and in the lumen of the fibre. Magnasoft 
SilQ® is slightly more stable and with higher amount than TSF 4708. 
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5. Development of Polylactic Acid and Polypropylene based Fibres 
with Improving Thermal, Mechanical and Dyeing Properties 
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties  
5.1.  Introduction 
Advances in science and technology pose new challenges in relation to environmental issues 
such as biodegradability, recyclability, eco-friendliness etc., that need to be addressed to help 
preserving and protecting our environment.  
Public attention is now placed on the environmentally gentle composite materials made from 
natural products and thermoplastics. The development of eco-composite materials has 
accelerated rapidly, primarily due to improvements in process technology and economic 
factors (206, 207). Natural polymers reinforced materials offer many environmental advantages, 
such as reduced dependence on non-renewable energy/material sources, lower pollution and 
greenhouse emission. 
Development of new composite products from the existing resources has a strong potential to 
deliver novel biodegradable and/or readily recyclable materials suitable for the textile industry, 
automotive and packaging industry to replace non-renewable fossil fuel-based 
polymers/plastics. 
Biodegradable polymers are yet to become popular as ‘‘green’’ substitutes for synthetic 
polymers. Besides, the use of biodegradable plastics appear as an attractive alternative for 
enhancing sustainable and environment friendly agricultural activities, especially in mulching 
and low-tunnels cultivation (208). 
The most common biodegradable synthetic polymers are aliphatic polyesters such as polylactic 
acid (PLA), polyglycolic acids (PGA), polycaprolactone (PCL), and polyhydroxybutyrate 
(PHB). Among these biopolymers, PLA as biodegradable aliphatic polyester, is of increasing 
commercial interest, because of its desired mechanical strength, thermal plasticity, and 
biocompatibility (209, 210). PLA has been used for many applications including grocery and 
composting bags, automobile panels, textiles, and bio-absorbable medical materials (211, 212). 
PLA is generally more expensive than many petroleum-derived polyolefins such as 
polypropylene (PP) and polyethylene (PE). 
Amongst eco-compatible polymer composites, special attention has been given to 
polypropylene composites (213). PP cannot be classified as a biodegradable polymer, but it has 
an important place among the eco-composite materials. For example, Mohanty et al. showed 
that the natural fibres reinforced (214, 215) PP composites have the potential to replace glass-PP 
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(214). It has also been reported that polypropylene can be effectively modified by maleic 
anhydride, providing polar interactions and covalent bonds between the matrix and the 
hydroxyl groups of cellulose fibres (216). Visteon and Technilin developed flax/PP materials, R-
Flax®, based on low cost fibres and Tech-Wood International from the Netherlands produced 
Tech-Wood® eco-composite suitable for building elements (217) a material which contains 70% 
pinewood fibres and 30% compatibilized PP. 
 
5.1.1. Polymer Composites from Cellulose based Materials 
Plant fibre-reinforced polymer (FRP) composites show an outstanding potential as alternative 
for artificial fibre composites (218). Due to their structural properties and the fact that they are 
relatively cheap, recyclable, light-weight and abundant, researchers are interested in exploiting 
natural fibres as load bearing constituents in composite materials. Most of the natural fibres are 
cellulose based ones. The reinforcing ability of natural fibres is governed by the nature of 
cellulose and its crystallinity (219). The use of such biodegradable materials in composites is 
advantageous because it increases awareness of environmentally-friendly manufacturing, 
reduces dependency on petroleum products, increases recycling and reduces health concerns in 
the manufacturing process (220). Moreover, natural fibres provide a viable and abundantly 
available substitute to expensive and non-renewable synthetic fibres. ‘Green composites’ in 
which natural fibres (e.g. flax, abaca, bagasse, banana, kapok, kenaf, sun hemp, hemp, jute, 
henequen, pineapple leaf fibre and sisal) reinforce polymer matrices (both from non-renewable 
and renewable resources) prove to compete or even become better alternatives to synthetic 
fibre (e.g. glass, carbon, aramid) reinforced composites. For example, natural FRP composites 
have already found use in automotive part manufacturing due to their lightweight and good 
mechanical properties (221). 
Incorporation of cotton is likely to increase the impact resistance of these structures that will 
make such composites suitable for many more applications. Among all natural cellulose fibres 
cotton is well known for its excellent absorbency, comfort properties, and natural feel. In 
addition the biodegradable nature of cotton is the quality that makes it an attractive and strong 
candidate for the situations where waste disposal is becoming a major concern. Flax having 
similar properties to those of cotton, but with better strength and modulus, is another appealing 
alternative. Beside vehicle weight reduction, the ability of cotton-based composites to reduce 
noise level inside the vehicle is an important factor as far as passenger is concerned and this 
opens an opportunity for a lot of new applications for such products (222). 
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Curvelo et al. (223) used cellulose fibres from Eucalyptus urograndis pulp as reinforcement for 
thermoplastic starch in order to improve its mechanical properties. The composites were 
prepared with regular corn starch plasticized with glycerine and reinforced with short 
cellulosic fibres (16% w/w) from bleached pulp. The composite showed a 100% increase of 
tensile strength and more than 50% of the modulus compared to non-reinforced thermoplastic 
starch. SEM of fractured surfaces revealed a very good adhesion between the fibres and the 
matrix. However, it was indicated that the main drawback involved in the use of pulp as a fibre 
was the tendency of fibres to self-agglomerate, which made it difficult for them to disperse in 
the matrix. 
Nishino et al. (224) investigated mechanical properties of friendly environmental composites 
made of kenaf fibre and poly-L-lactic acid (PLLA) resin. The results showed that Young’s 
modulus (6.3 GPa) and the tensile strength (62 MPa) of the kenaf/PLLA composite (fibre 
content of 70% vol) were comparable to those of traditional composites. These properties were 
higher than those of the kenaf sheet and the PLLA film themselves. This was attributed to the 
strong interaction between the kenaf fibre and PLLA. In addition, the storage modulus of the 
composite remains unchanged up to the melting point of PLLA. Also, it was found that kenaf 
fibre could be a good candidate for the reinforcement fibre of high performance biodegradable 
polymer composites. 
A new method for the development of natural fibre composites of high performance 
thermoplastic polymers considering poly(phenylene ether) (PPE) and wood flour was 
established by Jana and Prieto (225). They have reported that thermosetting liquid epoxy resins 
could be a useful reactive solvent for combining wood flour particles with a high-temperature 
thermoplastic polymer, PPE. The new composite materials, especially the one cured with M-
CDEA (4,4′-methylenebis(3-chloro-2,6-di-ethylaniline), showed lower water absorption and 
provided much higher strength than those of other natural fibre-filled composites. Its strength 
compares well with glass-filled engineered polymers. 
Joseph et al. (226) evaluated the mechanical properties of sisal fibres composites (randomly 
oriented) of several thermoset resin matrices (polyester, epoxy, phenol-formaldehyde) and a 
thermoplastic matrix (low density polyethylene: LDPE) with respect to fibre length and fibre 
loading. It was observed that all composites showed an increase of mechanical properties with 
increasing fibre loading. The optimum length of the fibre required to obtain the increase varies 
with the polymeric matrix.  
Among polyester, epoxy, and phenol-formaldehyde composites with sisal fibre, the phenolic 
resin performs as better matrix than epoxy and polyester resins with respect to tensile and 
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flexural properties. This is due to the high interfacial bonding in phenolic composites. On the 
other side sisal fibre-LDPE composites shows a better reinforcing effect as compared to 
thermoset resin composites because of the high matrix ductility and high strength/modulus 
ratio of sisal as compared to that of LDPE matrix (226). 
Joseph et al. (227) study investigates the dynamic mechanical properties of short sisal fibre 
reinforced PP composites containing both untreated and treated fibres with reference to fibre 
loading, fibre length, chemical treatments, frequency, and temperature. It shows that the 
addition of sisal fibre to pure PP increased the storage modulus, i.e. the E′ due to the 
reinforcement imparted by the fibre that allows stress transfer from the matrix to the fibre. The 
influence of fibre length indicates that an optimum length of 2 mm was necessary to get 
maximum dynamic modulus. The loss modulus E′′ is also maxim for 2 mm fibre length. The E′ 
and E′′ of chemically treated composites are higher than those of untreated composites due to 
the improvement of fibre-matrix interfacial adhesion. Both storage and loss modulus decreases 
with increasing temperature, which is associated with softening of the matrix. Dynamic 
module increases with increasing frequency due to the reduction of segmental mobility. 
Van de Velde and Kiekens (228) studied unidirectional (UD) and multidirectional (MD) flax/PP 
composites. Flax with various retting degrees and boiled flax were used as reinforcements for 
the UD composites and unmodified and maleic anhydride modified PP (MAA-PP) were used 
as matrices. The work concludes that the fibre pre-treatment, such as boiling of flax, lead to the 
improvement of mechanical properties for UD and to complete compactness of MD flax/PP 
composites. The use of MAA-PP increases the properties of all studied composites due to an 
increase in interaction between the anhydride functions and the hydroxyl groups of cellulose. 
A combination of boiled flax with MAA-PP gives the best mechanical properties. 
Tensile properties decrease with water uptake, time of immersion in water and fibre loading, as 
well as with increasing time of exposure to UV radiation. The reduction of properties is due to 
chain scission and degradation, which occurred to PP as a result from photooxidation promoted 
by UV radiation. The maintaining of tensile properties increases with increasing fibre loading. 
Gassan (229) evaluated the tension-tension behaviour of different natural fibre reinforced 
plastics, made of flax, jute yarn, and jute woven as reinforcements for epoxy resins, polyester 
resins, and PP. Fibre type, textile architecture, inter-phase properties, fibre properties, and fibre 
content were found to strongly affect the tension behaviour.  
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5.1.2. Polymer Composites from Keratien based Materials 
Keratins are the fibrous proteins found in hair, wool, feathers, nails, horns and other epithelial 
coverings (230). With the high concentration of half-cystine residues, the keratins in wool are 
regarded as three-dimensional polymers interlinked by S-S bonds between the reduced keratin 
monomeric units (231). Keratins are environmentally stable, biocompatible and have unique 
mechanical properties, therefore most of them have been used in biomedical applications in the 
form of solutions, powders, films, gels and filaments (232-235). Wool and other biological 
materials have been always considered as model structures for the synthetic composites.  
In many studies, keratin is obtained. from the fibres by sophisticated chemical methods (236). S-
sulfo keratin were used to produce blend fibres through melt or wet spinning (237). However, 
the protein is prone to decompose during the process of spinning and the inherent 
microstructure of protein is destroyed inevitably. This way the biofibres lose the original 
properties of the protein. 
The protein powder could keep the original properties of materials without destroying the 
microstructure. Producing wool keratin from fine wool powder could break the high crosslink 
in it, which makes the powder thermally processable (238, 239). This is applied for hi-tech related 
fields providing unique properties (240-243). 
The wool powder is successfully used for improving properties of the synthetic polymers such 
as dyeability, elastic recovery, warmth retention and moisture retention. The production of 
keratin film is another option for making use of the discarded protein resources (244-247). The 
films are used as packaging materials and replace the daily-used synthetic packaging films 
which are very difficult to get degraded naturally (247, 248). 
A biocomposite based on chicken feather fibres (CFF) and PLA has been fabricated by the 
melting compound method. The tensile modulus and elongation at break of the PLA samples 
improved by the addition of small amounts of CFF. This behaviour is ascribed to the good 
adhesion and interactions between the CFF and PLA matrix (249, 250). Also, silk fibres are 
recognized as reinforcements in PLA natural fibre composites for tissue engineering 
application. Due to the fact that the silk fibre surface bonds well with the polymer matrix, the 
fibres are good candidates as reinforcements for the development of polymeric scaffolds for 
tissue engineering applications (251, 252). 
PLA/Keratin composite has been investigated for producing electrospun nonwoven fibrous 
membranes as scaffolds for tissue engineering. The adding of keratin increased the moisture 
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content and hydrophilicity of the membrane without any significant change of the mechanical 
and physical properties (253-255). 
Building up on these results, we have investigated the possibility of adding micro-particles of 
keratin materials to the PLA and PP matrix. We expect that the resulted composites have a 
good hydrophilicity and dyeability. 
 
5.1.3. Polymer Composites from another Natural Polymers 
Large amounts of non-spin wool and cotton are discarded from yearly by processing industry 
and an abundance of waste fibres are threw away in our daily lifes. From an economic and 
environmental point of view it is worthwhile developing a process to reuse these resources. 
This study aims to investigate the use of wool or cotton waste, as well as of natural polymer 
from other sources (chitosan) and other compounds for improving the thermal properties, 
dyeing uptake, moisture regain and physico-mechanical properties of polylactic acid and 
polypropylene for textile application. To achieve this goal, composites based on polylactic acid 
or polypropylene were prepared via melt extrusion as base of textile fibre formation. The 
compositions have been extruded as films, on which the analysis has been carried out. The 
extruding of film was adopted because we intended to avoid the potential blocking of the 
nozzles in case the additives agglomerate. 
The added powders were expected to improve the dye uptake towards Acid or Reactive dyes 
by the help of their reactive groups, as well as the moisture management and mechanical 
properties of the resulted composites.  
 
5.2. Experimental 
5.2.1. Materials 
Polylactic acid (Mwt.: 170 KDa, Tm: 151°C) was obtained as grains from Nature Works; 
polypropylene Moplen 500N (Mwt.: 500 kDa, Tm: 165°C) was obtained as granules from 
Bassell company. Cotton fibres were provided by WFK Testgewebe GmbH, Germany, and 
wool fibers by BWK Germany. Chitosan medium molecular weight was purchased from 
Sigma–Aldrich, cyclic butylene terephthalate from Cyclics Europe GmbH, ε-Caprolactone, 
1,4-diaminobutane, tetrahydrofuran and acetonitrile, β-cyclodextrin (β-CD), 1,6-hexylenedi-
amine, sodium hydroxide, p-toluenesulfonic acid, p-toluenesulfonic acid, ammonium chloride, 
ethylenediamine, dichloromethane, sodium hydroxide, sodium acetate, acetic acid, sodium 
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sulphate, sodium carbonate, monochloro-acetic acid, all of analytical grade, from Sigma-
Aldrich. The acid dye (Supranol Blue BLW, Bayer), reactive dyes (Lanasol Blue CE, (Ciba-
Geigy), Remazol Brilliant yellow 3GL, Dystar) having the structures listed in Table 20, were 
received from the corresponding producing companies. 
 
Table 20: Chemical structure of used dyes 
Dye Name CI Name Function group CAS number 
Supranol Blue BLW C.I. Acid Blue 203 Sulphonyl group 61724-60-3 
Lanasol Blue CE C.I. Reactive black 5 α-bromo acrylamide 17095-24-8 
Remazol Yellow C.I. Reactive yellow 37 vinylsulphone 12237-16-0 
 
5.2.2. Methods 
5.2.2.1. Drying of PLA Granules 
The residual moisture from the polylactic acid was removed by drying at 70°C under vacuum 
during four hours. 
 
5.2.2.2. Chemical Preparation of Used Materials 
5.2.2.2.1. Preparation of N,O-carboxymethylated chitosan (N,O-CMC) 
N,O-CMC was prepared as illustrated in Scheme 17 by alkalization and carboxymethylation 
reactions of chitosan. Alkalization of chitosan was performed by suspending chitosan (5 g) in 
40% aqueous NaOH solution (50 ml) for 12 h. After the excess alkali solution was extracted, 
alkali chitosan was carboxylated with 20 g monochloroacetic acid in isopropyl alcohol at 65°C, 
the optimal temperature, for 5 h. The product was dissolved in water and the remaining 
precipitate was removed by centrifugation. The water-soluble carboxymethyl chitosan was re-
precipitated and rinsed with 70% ethanol then anhydrous ethanol twice, and vacuum-dried at 
ambient temperature. The yield of water-soluble carboxymethyl chitosan, on the mass basis of 
the original chitosan feed, was 93.6% after 5 h of reaction (256, 257). The degree of substitution 
was determined to be 0.98. 
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Scheme 17: Scheme for preparation of N,O-carboxymethylated chitosan 
 
5.2.2.2.2. Preparation of O-carboxymethylated chitosan (O-CMC) 
O-carboxymethyl chitosan was prepared as illustrated in Scheme 18  by placing 3 g of chitosan 
in a 250-ml flask; 30 ml solution of 42% NaOH and 3.5 g chloroacetic acid were added, and 
the mixture was stirred below ±4°C, and allowed to react for 72 h. The reacted mixture was 
precipitated with excess alkaline solution. The sediment was collected and washed with 
excessive distilled water repeatedly until the pH reached 7. The obtained O-carboxymethyl 
chitosan was dried in vacuum and then grounded to powder (258). The degree of substitution 
was determined to be 0.86. 
 
Scheme 18: Scheme for preparation of O-carboxymethylated chitosan 
 
5.2.2.2.3. Preparation of α–keratose (Keratose) 
Keratose is obtainable from wool either by the help of enzymes, or by hydrolysis and 
represents a well characterised fraction of proteins extracted from keratin. The molecular 
weight of the alpha-keratose is around 45 KDa. 
To prepare keratose, wool was treated with performic acid. Formic acid (98-100%) was mixed 
with hydrogen peroxide (30%), in a volume ratio of 9:1 and stirred for one hour in the dark. 
20.24 g of wool, representing as 18.36 g of dry wool was stirred for one hour at 0ºC with 
performic acid, the liquor ratio being of 1g of wool to 30 ml of performic acid. Subsequently, 
the oxidized wool was separated by G2 glass funnel and washed with neutral ice water. 
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The oxidized wool has been dried by suction, and stirred with ammonia solution in a liquor 
ratio of 1:100 (1g dry weight of wool to 100 mL of ammonia solution) for 24 hours. At the end 
of the reaction time the solution is yellow and cloudy with insoluble, yellowish, gelatinous 
residue of β-keratose. The residue was wash several times with 0.1 M ammonia solution. At 
the end the mixture of keratose and ammonia solution were stirred and the pH was adjusted to 
4 by addition of acetic acid glacial. α-keratose precipitates as a white, flocculent precipitate. 
The solution is then filtered through G3 funnel and the keratose washed several times with 
water. 
Keratose is then dissolved in 700 ml 0.01 M ammonia solution. The yellow ammonia solution 
is poured into 1.5 litre of acid ethanol (3 ml of acid in 1.5 L ethanol) from which keratose 
precipitates as a yellowish, rubbery precipitate. The precipitate was then filtered through G4 
funnel and washed with ethanol, then 1.5 litre of ether, then dried in a high vacuum.  
 
5.2.2.2.4. Preparation of soluble keratin (SK) 
For preparing the soluble keratin from keratin the wool fibre and any other keratin waste are 
solubilised in water at high temperature (170°C), under pressure mounted by water in reactor 
(around 18 atm), according to the methodology described previously (259). The solution is 
filtered for removing the undissolved particles (cellulose and inorganic impurities) and is dried 
under vacuum into a yellowish solid powder. The material obtained is a mixture of 
polypeptides, with a molecular weight of 1-2 KDa. 
 
5.2.2.2.5. Preparation of N,N’-1,4-butanediyl-bis[6-hydroxy-hexanamide(BIS-amide) 
0.68 mol of  ε-Caprolactone was added in approximately 10 h to (0.34 mol) of   freshly 
distilled 1,4-diaminobutane solution in 375 ml of tetrahydrofuran (THF). Subsequently the 
solution was stirred at room temperature for 16 h. The solvent was removed at reduced 
pressure and the product was dried in vacuum. The product was dissolved in a mixture of 
acetonitrile and water (7:1, v:v) at 55°C, left to crystallize overnight, filtered and dried in 
vacuum. This procedure was repeated six times to yield about 25% of pure N,N’-1,4-
butanediyl-bis[6-hydroxy-hexanamide] (260). 
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5.2.2.2.6. Preparation of mono-6-hexylenediamino-6-deoxy-β-CD (CDEN) 
Mono-6-hexylenediamino-6-deoxy-β-CD was prepared as illustrated in Scheme 19: freshly 
prepared p-toluenesulfonyl anhydride was obtained by adding p-toluenesulfonic acid to a 
solution of p-toluenesulfonyl chloride in dichloromethane, and stirring for 24 hours. This was 
followed by filtration of the reaction mixture on silica gel. The filtrate was then concentrated 
to 30% of the initial volume by evaporation. The pure, white crystals were precipitated from 
the solution with hexane, and collected by filtration (261, 262).  
Monotosylated β-CD was obtained by the following procedure: native β-CD and freshly made 
tosyl anhydride were suspended in deionised water and stirred for two hours. 10% NaOH 
solution was then added to the reaction flask. After 10 minutes, the reaction mixture was 
filtered using a sintered glass funnel to remove unreacted tosyl anhydride. Ammonium chloride 
crystals were added to the filtrate for allowing pure intermediate compound to precipitate from 
the solution without the need of further purification (263). The precipitate washed 2 times with 
deionised water and acetone, and collected by filtration. 
6-O-(p-Tosyl)-β-CD (2.0 g, 1.5 mmol) was dissolved in ethylenediamine (20 mL) under 
nitrogen atmosphere (264, 265). The mixture was stir for 20 h at 70°C, and then evaporated. The 
primrose solid that formed was dissolved in a minimum amount of heated water, and then 
acetone (300 mL) was drop in with stirring. The white powder was filtered off and again 
dissolved in warm water. The crude product was precipitate by addition of acetone, filtered off 
and again dissolved in a minimum amount of water. 
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Scheme 19: Scheme for preparation of mono-6-hexylenediamino-6-deoxy-β-CD (CDEN) 
 
5.2.2.3. Preparation of Samples Powder 
Cotton, chitosan, N,O-carboxymethyl chitosan, O-carboxymethyl chitosan, wool and keratose 
powders were prepared by freezing and mechanical grinding under nitrogen atmosphere. 
Freezer/Mill 6800 machine was used for the freeze milling technique. The samples were 
immersed completely in liquid nitrogen and shaken during immersed in liquid nitrogen and this 
was repeated for several times. The conditions for the samples are described in Table 21 
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Table 21: Freezing–shaking times for preparation of used additive powders 
Sample type Cycle number
Shaking 
Time 
(min) 
Cooling 
Time 
(min) 
Total 
Freezing 
Time (min) 
Total 
Shaking 
Time (min)
Cotton 16 5 10 160 80 
Chitosan 8 3 5 40 24 
N,O-carboxymethyl chitosan 8 3 5 40 24 
O-carboxymethyl chitosan 8 3 5 40 24 
Wool 12 3 5 60 36 
Keratose 8 3 5 40 24 
 
5.2.2.4. Preparation of the PLA or PP Composites Films  
PLA, or PP, was mixed with the additive powder and extruded under the nitrogen gas, by the 
help of the extruder DSM Xplore (with Proface 1.04 and controller 1.04 from DSM Research 
B.V) shown in Figure 60. 0.5, 1, 2, 4 and 5% w/w amount of powder were mixed with PLA, or 
PP, and the mixtures were melted in the twin-screw extruder, where the extrusion temperature 
was maintained at 200°C form the top to the bottom. The mixing speed was 100 rpm, in the 
drawing step, the screw speed was maintained at 35 rpm, drawing speed was 850 mm/min and 
the torque was 30. 
 
5.2.2.5. Dyeing of PLA Composite Films 
PLA and PLA-based composite films were dyed with acid (Supranol Blue BLW, Bayer) and 
reactive (Lanasol Blue CE, Ciba-Geigy and Remazol Yellow, Dystar) dyes for investigating 
the dyeability of composites. 
The dyeing with acid dyes was carried out in a liquor ratio of 1:40 using 1.5 g/L sodium 
acetate, 5 g/L Na2S04, and pH adjusted to 4.5 with acetic acid. At 50°C, the Supranol dyes (3% 
owf, dissolved in liquor) were added and temperature was raised to 100°C and kept for 60 min. 
The bath was then cooled to 60°C, and the material rinsed with warm water for 10 min, and 
with cold water for 20 min. 
The dyeing with reactive dyes was carried in both acid and alkaline medium. For dyeing in 
acid pH, the liquor ratio was 1:40. The bath contained the dyes (3% owf), 1g/L (NH4)2S04, 2.5 
g/L Na2S04 and pH adjusted to 6 with acetic acid. The dyes were added at 40°C. The 
temperature was raised to 100°C, and kept there for 60 min. After cooling to 60°C the material 
was rinsed 10 min with warm and with cold water for 20 min. 
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For the alkaline pH, the liquor ratio was 1:40; the dying bath contains the dyes (3% owf), 
20g/L Na2CO3, 20 g/L Na2SO4. The dyes are added at 40°C. The temperature is raised to 
100°C, and kept there for 60 min. After cooling to 60°C the material is rinsed 10 min with 
warm and 20 min with cold water. 
 
   
Figure 60: Extruding machine DSM Xplore and its film device  
 
5.2.3. Measurements 
5.2.3.1. Differential Scanning Calorimetry (DSC)  
DSC measurements were conducted to measure the melting and the crystallization behaviour 
of PLA, PP and their composites films using Perkin Elmer DSC. The samples were sealed in 
aluminium pans in which two holes were pierced, and heated-cooled-heated from 50 to 200°C 
with 10 K min−1 under a flow of nitrogen. The melting temperature Tm and enthalpy ΔHm were 
evaluated from the fusion peak of the second heating cycle. The enthalpy was further used to 
calculate the crystallinity ratio with the equation: 
100×Δ
Δ=
o
m
H
H
Xc  Equation 16 
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties 
DWI an der RWTH-Aachen University              126
where ΔHm is the measured enthalpy, and ΔH0 is the enthalpy of fusion for 100% crystalline 
PLA and PP (93 (266) and 207 (267, 268) J/g, respectively) 
The weight of each sample was approximately 5 mg. DSC device was calibrated with indium 
as standard prior to measurements. 
 
5.2.3.2. Thermogravimetric Analysis (TGA) 
TGA and DTGA (the derivative curve of recorded TGA) measurements were performed on 
Netzsch TGA 209 by heating the material placed in an alumina capsule from room temperature 
to 600°C with a heating rate of 10 K / min under a nitrogen flow. The TGA experiments were 
used to define the thermal stability of the sample by measuring the onset temperature on TGA 
and the inflection peak on DTGA of the first recorded decomposition process. 
 
5.2.3.3. NMR Measurements 
1H liquid NMR spectra were recorded on a Bruker DPX-400 FT-NMR spectrometer at 400 
MHz, using D2O or DMSO-d6 as solvent. The tested material were dissolved in D2O or 
DMSO-d6 at a concentration of 10 mg/mL  
 
5.2.3.4. Colour Measurements  
Colour characters of the dyed films, such as L*, a*, b*,ΔE*ab, C*ab and R values, were 
measured using a Computer Colour Matching System (Data Colour 3890 device, Marl Co, 
Germany)  
The relative colour strength (expressed as (K/S) values) was assessed by applying the 
Kubelka–Munk equation as follow: (269, 270) 
( ) ( )
o
o
R
R
R
R
S
K
2
1
2
1 22 −−−=  Equation 17 
where: K is the absorption coefficient, S is the scattering coefficient, R is the reflectance of 
colour sample and Ro stands for the reflectance of uncoloured (white) sample. The 
measurements were carried out at the wavelength of 620 nm for the two blue dyes and at 430 
nm for the yellow dye. 
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5.2.3.5. Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy HITACHI S–3000 microscope S, at 15–kV acceleration 
voltage, after gold coating, was used to study the surface morphology and the cross section of 
the composite films and to characterize the produced powders. 
 
5.2.3.6. Fourier Transform Infra-Red Spectroscopy (FT-IR)  
A FT-IR tester of Nicolet Magna-IR 560 spectrometer was used to analyze the spectrum of the 
samples. Resolution for the infrared spectra was 4 cm-1 and there were 32 scans for each 
spectrum. KBr was used to prepare the thin film together with the samples. Transmittance of 
the infrared in the film between 400 and 4000 cm-1 was collected by the tester. 
 
5.2.3.7. Tensile Strength  
The tensile strength measurements for all the film samples were carried out by using Miniature 
Materials Tester (MiniMat2000 by Rheometric Scientific) Figure 61. Prior to measurement the 
samples were kept for 24 hours at 22°C and 65% relative humidity. The measurements were 
carried out on films of a thickness of 0.2 ± 0.05mm, under the same conditions with a speed 
0.1 mm/min, the film sample being fixed on the tensile bar at the length of 35 ± 5 mm, and a 
gauge length of 6 ±3 mm. 
 
Figure 61: Tensile strength machine MiniMat2000  
 
5.2.3.8. Moisture Sorption and Desorption 
The ability of PLA and PP and their composites to absorb and desorb the moisture was 
evaluated by using IGAsorp analyzer produced by HIDEN ISOCHEMA with relative humidity 
ranging from 0% to 95%. All experiments were conducted at 25ºC and a total nitrogen gas 
flow of 250 mL min-1. Approximately 25 mg of composite film was dried for 4 h at 0% RH 
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties 
DWI an der RWTH-Aachen University              128
under dry nitrogen gas. RH was then increased by steps of 10% up to 95% RH. The samples 
remained at each stage for 2 h; the total moisture absorption (%) of the film composites was 
calculated according the following equation: 
100(%) ×−=
o
ot
W
WWregain Moisture  
where Wt and Wo are the moisturized and dry weights of the film composites, respectively. 
 
5.2.3.9. Determination of the Degree of Substitution (DS) 
The degree of substitution (DS) of carboxymethylated chitosan (CMC) was determined by 
dissolving CMCs (0.3 g) in 0.1 mol.L-1 HCl (30 mL) and titrating with 0.1 mol.L-1 aqueous 
NaOH. The DS value was calculated as follows: (271) 
( )
( )NaOHNaOHCMCS
NaOHNaOH
CVm
CV
DS ×−
×=
58
161
 Equation 18 
where VNaOH and CNaOH were the volume and molarity of aqueous NaOH, respectively, mCMCS 
was the mass of carboxymethyl chitosan (g), and 161 and 58 are the molecular weights of the 
glucosamine (chitosan skeleton unit) and the carboxymethyl group, respectively. 
 
5.2.3.10. Amino Acid Analysis 
Several of the materials we have used are of protein nature, for which reason we have 
investigated their amino-acid composition. 
The sample is hydrolysed in 3 mL 6N HCl at 110°C for 24 h. The hydrolysed samples is dried 
in a rotary evaporator under heating and amino acid analysis is carried out using an Analysator 
type Alpa-Plus II, Pharmacia, based on the method of Spackman, Stein and Moore. 
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5.3. Result and Discussions 
5.3.1. Characterisation and Investigation of Prepared Materials and Powders 
5.3.1.1. Characterization of Cotton Powder 
FT-IR spectra for cotton fiber and its powder Figure 62 show that there is no difference 
between the chemical structure of the fiber and the powder. This shows that the freeze milling 
process does not affect the chemical structure of cotton, or produce any hydrolysis. 
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Figure 62: FT-IR for cotton fibre and its powder 
 
5.3.1.2. Characterization of Chitosan Derivatives 
5.3.1.2.1. Characterization of chitosan derivatives using FT-IR analysis 
FT-IR analysis was running to provide the structure of both carboxymethyl chitosan and to 
detect if there is any changes in the chemical structure between cotton fibre and cotton powder 
as a result of the milling process. FT-IR spectra of chitosan and both O-CMC and N, O- CMC 
are shown in Figure 63. The spectra of chitosan shows the N–H bending characteristic peaks 
at 1653 and 1595 cm−1 and C–O stretching at 1078 and 1032 cm−1 (272). 
Also, it is interesting to notice that chitosan and O-CMC have a shoulder at 3063 cm-1 due to 
NH2 stretching vibration (273), and this band disappeared in case of N,O-CMC as a result of 
carboxymethylation at NH2 group. In addition there is a characteristic band at 3400 cm−1 
attributed to OH groups stretching vibration (ratio of the absorbance at the subscript wave 
number 3400 cm-1 to the absorbance of wave number at 1325 cm-1 which corresponds to the 
CH rocking of the ring) (274), and the band for amide I at 1655 cm−1. In the spectra of both 
carboxymethylation derivatives it appears new peaks at 1414 cm−1, characteristic to carboxylic 
acid salt (–COO- asymmetrical and symmetrical stretch) (275). The peaks observed at 1078 and 
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1032 cm−1 were the C–O stretches in the C2 secondary hydroxyl and the C6 primary hydroxyl, 
respectively, and the asymmetric stretching vibration of C=O at 1710 cm−1 and 1598 cm−1 (258). 
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Figure 63: FT-IR Spectra for chitosan and its carboxymethyl derivatives 
 
5.3.1.2.2. Characterization of chitosan derivatives using NMR analysis 
1H NMR and 13C NMR were measured for N,O-CMC and O-CMC in order to investigate and 
confirmed their chemical structure. The 1H NMR and 13C NMR signal are listed below. 
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N,O-CMC 1H-NMR (D2O): δ = 2.11 (d, 1H, H13); 3.15 (m, 1H, H10); 3.29 (d, 1H, H14); 3.62 
(d, 1H, H9); 3.72 – 3.91 (t, 5H, H4, H5, H6, H8); 4.8 (m, 1H, H11) 4.26 – 
4.55 (d, 2H, H3) and 11.32 (d, 2H, H1, H16). 
13C NMR (D2O): δ = 33.6 (C6); 51.1 (C14); 61.2 – 64.3 (C3, C8, C10); 73.5 (C4, C5); 
112.9 (C11) and 174.6 (C2, C15). 
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O-CMC 1H-NMR (D2O): δ = 3.15 (m, 1H, H10); 3.62 (d, 1H, H9); 3.72 – 3.91 (t, 5H, H4, H5, 
H6, H8); 4.8 (m, 1H, H11) 4.26 – 4.55 (d, 2H, H3); 5.18 (d, 1H, H13) and 
11.32 (d, 1H, H1). 
13C NMR (D2O): δ = 33.6 (C6); 53.6 (C10); 61.2 – 64.3 (C3, C8); 73.5 (C4, C5); 102.5 
(C11) and 174.6 (C2). 
 
5.3.1.3. Characterization of Wool, Keratose and Soluble Keratin 
5.3.1.3.1. Characterization using raman microscopy 
Keratin based powders (wool, keratose) were measured by Raman spectroscopy and their 
spectra are given in Figure 64. The analysis of Raman spectrum confirms that there is no 
conformational changes of the disulphide bonds in the keratin chain of wool powder, because 
the intensity of the disulphide bond (521 cm-1) does not changed. The α-helix structure (936 
cm-1) is slightly decreased, but one cannot see a clear change of the intensity of cysteic acid 
peak at 1041 cm-1, which is linked to the hydrolysis of wool. No shift at the amide I group 
peak from 1655 cm-1 suggests that no change occurred at the chemical structure of wool during 
the milling process.  
The Raman spectrum of keratose shows that the vibration of the α-helix (936 cm-1) structure is 
lower than at the wool fibre. The peak of amide I group is shifted to 1670 cm-1, showing that 
keratose has a disordered structure. The intensity of the disulphide bond (521 cm-1) is also low, 
which means that most of cystine was already destroyed.  
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Figure 64: Raman spectra for keratin based materials 
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5.3.1.3.2. Amino acid analysis 
Amino acid analysis was run to detect the change of chemical structure from wool fibre to 
wool powder, soluble keratin and α-keratose, respectively. 
Table 22 gives the results of amino acid analysis for all keratin samples. The results show that 
there are no significant differences between wool fibre and wool powder in terms of amino 
acid composition, which means that the freeze milling process does not affect the chemical 
structure. It appears also that during the milling process there is no oxidation or hydrolyses of 
the keratin chains. 
On the other hand, the amino acid composition of wool fibre, keratose and soluble keratins 
(SK) differs significantly. As expected, following the hydrolysis at high temperature, soluble 
keratins do not contain any more cystine; other amino acids are also reduced. The preparation 
of keratose produces also differences, for example of the amount of leucine, arginine, 
methioine, cysteine, valine, glutamic and aspartic acids. 
In other words, the physical way of preparation wool particles by freeze milling preserves most 
of the chemical composition un-changed, whilst the chemical process for making keratose 
alters the chemical composition of the keratose and soluble keratin particles. 
 
Table 22: Amino acid analysis for keratinous-based materials 
Amino acid composition (g/100 g keratin) Amino acid Wool fibre Wool powder α-Keratose Soluble keratin (SK) 
Cysteine 0.305 0.351 6.461 0.000 
Aspartine 5.753 5.841 9.459 0.483 
Threonine 4.874 5.133 4.646 1.243 
Serine 7.119 7.041 6.168 1.371 
Glutamine 12.070 13.400 19.542 17.185 
Proline 3.927 4.763 2.349 15.203 
Glycine 3.867 3.584 3.247 10.41 
Alanine 3.159 3.195 4.859 11.815 
Valine 4.676 4.727 6.154 9.937 
Cystine 8.332 8.445 0.845 0.000 
Methioine 0.383 0.238 0.000 0.308 
Isoleucine 2.986 2.995 4.167 5.433 
Leucine 7.443 7.265 11.986 10.950 
Tyrosine 4.550 4.138 4.378 3.523 
Phenylalanine 3.419 3.461 3.506 4.863 
Ornithine 0.284 0.141 0.204 3.356 
Lysine 2.974 3.037 4.927 0.915 
Histidine 1.153 1.063 1.128 0.036 
Arginine 8.335 8.187 11.370 2.967 
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5.3.1.3.3. Characterization of N,N-1,4-butanediyl-bis[6-hydroxy-hexanamide(BISamide) 
The 1H-NMR spectrum of the BIS amide compounds, show all the expected signal of the 
different protons.  In addition, the 1H-NMR spectrum of the BIS amide show the new signal at 
3.65, which characteristic to hydroxyl group, which also not presented in reactant monomer, 
also, the signal for amine group was shifted from 5.3 (characteristic of NH2) to 8.05 
(characteristic of NH), and these two signals characteristic for these BIS amide. No signals of 
methylene protons next to an ester carbonyl were presented in the purified BIS amide. 13C-
NMR spectrum shows signal of carbonyl carbon atom around 178.0. The signal is 
characteristic of BIS amide with opening caprolactone cyclic (171.2 for carbonyl carbon atom 
of caprolactone cyclic). 
 
BIS amide 1H-NMR (DMSO-d6): δ = 1.49 – 1.60 (t, 12H, H3, H4, H9, H10, H15, H16); 2.13 – 
2.21 (t, 4H, H5, H14); 1.88 – 2.13 (t, 4H, H8, H11); 3.53 – 3.68 (t, 4H, H2, 
H17); 3.62 – 3.71 (d, 2H, H1, H18) and 7.98 – 8.09 (d, 2H, H7, H12). 
13C NMR(DMSO-d6): δ = 21.6 (C4, C15); 27.1 (C9, C10); 31.2 (C3, C16); 36.5 (C5, 
C14); 38.9 (C8, C11); 62.1 (C2, C17) and 178.6 (C6, C13). 
IR (KBr): 695, 952, 1060, 1200, 1480, band 1540 for amide II, band amide I at 
1655 cm−1, 2870, 2950, 3095 and 3300 O-H stretching of bisamide-diol 
Elemental analysis: Calc. C: 58.29%, N: 9.79 %, H: 9.79%; Found: C: 57.52 ± 0.02%, N: 
9.83 ± 0.01%, H: 9.83 ± 0.01%; H2O: 0% 
 
5.3.1.4. Characterization of Mono-6-hexylenediamino-6-deoxy-β-CD (CDEN) 
The 1H-NMR spectrum of the CDEN compounds, show all the expected signal of the different 
protons. In addition, the 1H-NMR spectrum of the CDEN show two new signals at 2.12 and 
5.30, which characteristic to secondary and primary amine group respectively, which also not 
presented in β-cyclodextrin, also, the signal for methylene group of ethylene diamine (H2, H3) 
was shifted from 2.76 to 2.82 – 2.91, and at 4.35 signal for H6 which also not presented in β-
cyclodextrin. 13C-NMR spectrum show signal of expected carbon atom for the expected 
structure. 
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IR (KBr): 3350, 2921, 1630, 1460, 1400, 1371, 1326, 1292, 1202, 1153, 1075, 
1025, 936, 838, 750, 702,603, 578 and 530 cm-1 
CDEN 1H-NMR D2O: δ = 2.08 – 2.18 (d, 1H, H4); 2.79 – 2.84 (t, 2H, H2); 2.84 – 2.89 (m, 1H, 
H5a); 2.88 – 2.94 (t, 2H, H3); 2.89 – 2.94 (m, 1H, H5b); 3.10 – 3.17 (t, 
7H, H11, H16); 3.61 – 3.68 (t, 6H, H18b); 3.75 – 3.81 (d, 4H, H21-24); 3.81 
– 3.88 (t, 14H, H9, H10, H14, H15); 3.88 – 3.93 (d, 6H, H19); 3.97 – 4.02 
(t, 6H, H18a); 4.06 – 4.15 (m, 6H, H17); 4.31 – 4.39 (m, 1H, H6); 5.08 – 
5.19 (t, 2H, H8, H13) and 5.28 – 5.32 (d, 2H, H1). 
13C NMR: δ = 45.0 (1 (C2)); 49.0 (1 (C5)); 50.8 (1 (C3)); 61.5 (6 (C18)); 71.8 (1 
(C10)); 72.4 (1 (C6)); 74.3 (6 (C15)); 74.9 (1 (C9), 6 (C14)); 82.6 (6 (C17)); 
85.1 (6 (C16)); 90.3 (1 (C11)) and 115.1 (1 (C8), 6 (C13)). 
Elemental analysis: Calc. C44H76N2O34·2H2O: C, 43.56; H, 6.65; N, 2.31. Found: C, 43.69; H, 
6.51; N, 2.40. 
 
5.3.1.5. Characterization of the Micro Powders 
5.3.1.5.1. Scanning electron microscopy (SEM) 
The SEM micrographs of cotton and chitosan, N,O-carboxymethyl chitosan and O-
carboxymethyl chitosan powders are shown in Figure 65. The morphology of cotton and wool 
powders is like a mixture of fibrils with different length (from 100 to 20μm). The morphology 
of the powder indicates that the fibres were crushed into very small needle like pieces, most of 
them with diameters smaller than 5 μm, and length around 15 – 20 μm. At this stage, they still 
preserve some properties similar to fibres.  
The micrographs also show that the powder of keratose, chitosan N,O-CMC and O-CMC is 
made of small diameter grains, a shape that makes them more suitable for mixing with PLA 
and PP at extrusion. 
2011 
  Amina L. Mohamed 135
   
Cotton powder 
   
Chitosan powder 
   
N,O-Carboxymethyl chitosan 
   
O-Carboxymethyl chitosan 
   
α- Keratose Powder 
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties 
DWI an der RWTH-Aachen University              136
   
Wool powder 
Figure 65: SEM micrographs of produced powders 
 
5.3.1.5.2. Size distribution of produced particles 
To distinguish the affinity of the milling process and to know exactly the sizes of each type of 
powders, the particles of each powder were examined at microscope for building up their size 
distribution. For all cases, we counted the longest dimension of the particle. The results are 
given in Figure 66 for cotton, chitosan, N,O-CMC, O-CMC, wool and keratose powder, 
respectively. 
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Figure 66: Particle size distribution for different powders 
 
The distribution curves indicate that the cotton and wool powders contain quite a significant 
amount of long particles, the particles size ranging from 100 to 5µm (most of them were 60 
and 70µm for wool and cotton respectively). The distributions of chitosan and carboxymethyl 
chitosan particles are all similar, with a maximum of very small size particles (below 10 µm). 
The distribution curve of keratose particles indicates that they range from 15 to 20 µm. 
 
5.3.1.6. Conclusions 
The structure of all used materials was investigated with several analytical techniques, i.e.: 
SEM, FT-IR, 1H-NMR, 13C-NMR, Raman, amino-acid analysis. The materials prepared for the 
blending with PLA, or PP, have different types of chemically reactive groups such as hydroxyl, 
amino, carboxyl and amide, which are expected to improve target properties of PLA or PP.  
Freeze milling is a suitable method to produce the powders in a range of micro-size without 
affecting the chemical structure of the parent material. SEM analysis shows that the powder 
produced from wool, or cotton, still keeps the morphology of the original fibres.  
Chitosan gives the smallest particle size after freeze/milling process, at an average of only 
5µm. 
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5.3.2. Polysaccharide based Materials in Thermoplastic Polylactic acid or 
Polypropelene Matrixes 
PLA and PP were blended in various ratios with different polysaccharide based materials to 
produce a new composites film as a base for new textile fibres. The thermal properties, water 
absorption, physic mechanical properties of PLA or PP based composite films were evaluated 
using different analytical methods in order to screen out compositions of interest for being 
used to produce PLA and PP based textile fibres. 
Different polysaccharide systems have been used as additive materials with PLA or PP in the 
melt mixed together to produce composites films by extrusion. These are: cotton powder, β-
cyclodextrin (β-CD), NH2-β-cyclodextrin derivative (CDEN), chitosan, N,O-carboxymethyl 
chitosan (N,O-CMC) and O-carboxymethyl chitosan (O-CMC). 
The large amount of yearly wasted cotton found on the market is always a target for recycling 
industry. We have investigated the possibility of using micro-size particles of cotton in the 
thermoplastic polymer matrix for improving the moisture management and the dyeability of 
the composite materials. 
Chitosan is also easily accessible and was already used for the finishing of textiles. Chitosan 
and its carboxymethylated derivatives are known for their antimicrobial properties. These are 
the properties which we expect that the particles of chitosan or chitosan derivatives bring to the 
composite material. 
 
5.3.2.1. Differential Scanning Calorimeter (DSC) 
For characterising the thermophysical properties of PLA and PP and their composites DSC 
measurements were run with a rate of 10 K min−1 under a flow of nitrogen. 
The results from DSC in terms of crystallization temperature and melting temperature 
determined from the second heating cycle are given in Table 23. The DSC curves of the 
second heating cycle of polylactic acid or polypropylene and all their composites films with 
5% additive under nitrogen atmosphere and at a heating rate of 10 K min-1 are shown in Figure 
67. The DSC of polylactic acid shows an exothermic effect at 152.2°C corresponding to the 
melting of polylactic acid; this peak shifts slightly between 150 – 153°C, as an effect of the 
added material. Curves of polypropylene have also an exothermic effect at 166.2°C, 
corresponding to the melting point of polypropylene. The peak of PP shifts within a large 
range of 150 – 174°C, with the added materials. 
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Figure 67: DSC curves of second heating of PLA, PP and their composites films with 5 % 
polysaccharides based materials 
 
One notices that the melting temperature of polylactic acid composites is not affected by 
adding cotton powder in any blended ratios. The enthalpy of fusion and, correspondingly, the 
degree of relative crystallinity, decreases by increasing the amount of cotton powder to PLA.  
The effect of cotton is opposite in polypropylene: adding cotton particles to the polypropylene 
matrix assists increasing enthalpy of composite fusion, hence its degree of relative 
crystallinity, and increases the temperatures of melting. 
Adding of β-CD to PLA or PP helps to increase slightly the degree of relative crystallinity of 
the composites. This is may be attributed to formation of ester bonds between hydroxyl groups 
of β-CD and carboxyl end group of PLA or complex formation between PLA and β-CD 
producing new compound with good crystallization properties. That is meaning that, the β-CD 
(with these amounts) play as nucleating agent for increase the crystallinity of PLA composites. 
Elsewhere, there is no evidence on the onset and peak temperature of the composite film. On 
the other side, adding β-CD to PP polymer matrix gives the same behaviour like PLA, which 
may be attributed to complex formations with PP because of the good miscibility of β-CD with 
PP. 
On contrast, the addition of NH2-β-CD derivative (CDEN) to both PLA and PP did not 
improve the thermal parameters of the resultant composites. The enthalpy of fusion and 
correspondingly degree of relative crystallinity has been decrease, while the melting 
temperature remains constant. This shows that CDEN intervenes in the organisation of the 
polymer chains in the composites by reducing the crystalline region and increasing the 
amorphous one. 
  
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties 
DWI an der RWTH-Aachen University              140
Table 23: DSC data for PLA, PP and their composites with polysaccharides based materials 
Polylactic acid Polypropylene Powder 
additive (%) Tc (°C) Tp (°C) ΔH (J/g) Xc % Tc (°C) Tp (°C) ΔH (J/g) Xc % 
Polymer 0  152.5  25.5 34 120.5 166.3 72.6 35 
0.5 114.3 152.1  20.3 27 117.3 161.2 77.7 38 
1 115.2 150.5  19.5 26 119.3 159.3 80.2 39 
2 122.9 151.4  18.9 25 121.6 159.3 84.5 41 
4 125.7 152.2  18.2 24 122 158.1 90.1 44 
Cotton 
5 128.7 152.7  17.8 24 124.3 160.9 99.4 48 
0.5 115.7 152.3  26.1 35 122.0 165.9 73.1 35 
1 116.1 152.5  26.3 35 122.1 165.9 73.3 35 
2 118.5 152.9  26.8 35 122.3 164.9 74.1 36 
4 119.5 153.7  27.3 36 122.5 163.5 74.8 36 
5 121.3 153.5  28.8 38 122.6 163.7 75.1 36 
β-CD 
100  130.5  247.1   130.5 247.1  
0.5 95.5 152.7  19.1 25 119.8 166.5 72.6 35 
1 97.2 152.2  18.7 25 120 166.5 71.4 34 
2 100.1 152.1  16.5 22 120.1 165.9 71.1 31 
4 113.3 151.9  13.3 18 121.8 164.4 67.4 33 
5 115.5 150  12.6 17 121.6 162.3 63.6 31 
CDEN 
100  137.7  176.8   137.7 176.8  
0.5 96.5 152.3  19.3 26 120.5 165.2 73 35 
1 97.1 152.3  20.1 27 121.2 163.6 78.6 38 
2 98.2 151.7  21.6 29 122.0 160.4 85.2 41 
4 99.2 151.2  22.4 30 124.6 151.2 91.1 44 
5 104.1 148.9  24.5 32 126.1 148.9 93.1 45 
Chitosan 
100 -- 289.7  211.3 -- -- 289.7 211.3 -- 
0.5 102.5 153.3  25.9 34 120.3 166.7 75.6 36 
1 111.1 150.7  26.7 35 120.3 165.4 76.5 37 
2 116.3 149.8 145.8 27.3 36 120.9 165 76.8 37 
4 120.2 149.5 160.3 28.9 38 122.1 164.4 80.1 39 
5 121.8 147.5 153.8 35.3 47 123.2 163 82.7 40 
N,O-
CMC 
100 - 116.7  122.8  - 116.7 122.8 - 
0.5 101.3 131.5 144.6 26.0 34 120.3 170.9 74.3 36 
1 102.5 133.6 149.3 26.4 35 120.8 172.9 81.4 39 
2 105.5 139.5 151.2 26.7 35 120.9 172.9.4 91.6 44 
4 108.7 142.9 156.4 27.6 37 120.9 173.2 91.8 44 
5 114.5 148.2 159.3 28.2 37 121.7 174.6 95.5 46 
O-CMC 
100 - 116.4  166.5 - - 116.4 166.5 - 
HR= 10°C/min,  Tc: Crystalization Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Xc: Degree of Relative Crystallinity 
 
Adding chitosan powder to PLA matrix did not show improvement on the thermal parameter of 
PLA /Chitosan composites. On contrast, the thermal parameters of PP/Chitosan were highly 
improved comparing with pure PP. The value of crystallization temperature, enthalpy of fusion 
of PP/ chitosan composite increased by increasing the amount of added chitosan, that is mean 
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that chitosan act as a nucleating agent for increase the degree of relative crystallinity and 
crystallisation temperature of PP composites. 
The addition of both carboxymethyl chitosan derivatives (N,O-CMC, O-CMC) to both PLA 
and PP polymers Enhance the thermal behaviour of PLA and PP composites. The 
crystallisation temperature, the enthalpy of fusion and, correspondingly, the degree of relative 
crystallinity, are significantly increased by increasing the added amount of carboxymethyl 
chitosan powder to PLA or PP matrix. The DSC result proved that both carboxymethyl 
chitosan derivatives act as a nucleating agent for both PLA and PP polymers. 
 
5.3.2.2. Thermogravimetric Analysis (TGA)Thermal stability characteristics of PLA 
and PP and their composites were tested by TGA, the samples being heated from room 
temperature to 600°C with a heating rate of 10°C/min under a nitrogen flow. 
Thermal decomposition temperature, mass loss and DTG (derivatives of TGA curves) results 
are given in Table 24. The peak temperature from the DTG is the temperature at the maximum 
decomposition rate. This, together with the onset temperature the end temperature from TGA 
curve, determines the thermal stability of the materials. The recorded results are listed in Table 
24. TGA curves and DTGA for polylactic acid and polypropylene and 5% of their composites 
mixtures are graphed in Figure 68 and Figure 69. 
The figures show that PLA and PLA-based composites with any of the additives decompose in 
an one-step reaction. The decomposition stage occurs within the range of 280 to 400°C, and is 
attributed to the decomposition of PLA chains (276). The pyrolysis, which has the onset 
temperature for pure PLA at 332.4°C, is slightly affected by adding any additive material. The 
comparative TGA profiles recorded for the polymer and the composites show that the PLA-
based composites have lower thermal stability than PLA itself. 
Polypropylene and its based-composites show also one-step decomposition under nitrogen 
atmosphere. The decomposition begins at around 395○C for heating rate of 10 K min-1, and it 
occurs as a result of the initiation of the process of breaking up the main polypropylene chain. 
(277). Decomposition ends at around 500°C. The onset temperature of pure polypropylene is 
affected by the adding of polysaccharide materials. The DTG data indicates that the thermal 
stability of polypropylene is better than of any composite. 
Adding cotton powder to PLA or PP matrix does not show any significant effect for the 
thermal stability of the composites. Increasing of cotton amount decreases the temperature of 
decomposition with almost 10, and 30 degrees, for PLA and PP composites respectively.  This 
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is due to the decomposition of cotton, which starts normally at around 310°C (278), and which is 
shortly delayed by the encapsulation of cotton  particles in the PLA or PP matrix.  
Adding β-CD to PLA or PP does not improve the decomposition behaviour of PLA/β-CD or 
PP/β-CD composites. On the contrary, adding more amount of β-CD to the polymer matrix the 
temperature of decomposition decreases. 
The adding of β-CD derivative (CDEN) to PLA polymer improves the decomposition 
behaviour of PLA/CDEN composite system. This may be attributed to the presence of amino 
groups in the structure of CDEN, which provides the thermal stability to the composite. 
However, NH2-β-CD does not improve the decomposition behaviour of polypropylene. 
One observes, also, that the use of chitosan decreases the decomposition onset temperature of 
the composite films. This may be attribute to the low thermal stability of chitosan, which 
decomposes within 274 – 287°C (279) and is probably delayed by the encapsulation in the PLA, 
or PP matrix. 
Same results are achieved by adding N,O-CMC, or O-CMC. The temperature decreases with 
increasing the amount of additive, approaching toward those of chitosan derivatives. This 
means that the decomposition temperature of the composite films decreases significantly, by 
about 50 degrees. 
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Figure 68: TGA curves of PLA, PP and their composites films with 5% polysaccharides based 
materials 
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Table 24: TGA data for PLA, PP and their composites with polysaccharides based materials 
Polylactic acid Polypropylene 
Powder additive 
(%) Mass loss 
(%) 
T onset 
(°C) 
DTG peak 
(°C) 
Mass loss 
(%) 
T onset 
(°C) 
DTG peak 
(°C) 
Polymer 0 100 332.4 358.5 100 442.0 462.7 
100 84.24 308.8 348.3 99.8 308.8 348.3 
0.5 100 331 358 98.8 444 464.5 
1 100 330 357 89.2 432 464 
2 99 326.1 353.4 97.9 432 460 
4 98 323.3 349.5 97.9 426 458 
Cotton 
5 98 323 349.1 96.4 413 453 
100 91.85 332.4 358.5 91.9 318.6 331.1 
0.5 99.49 323.6 346 99.4 389 435 
1 99.01 322.0 345 98.7 388 426 
2 97.39 317.4 344 98.8 364.4 423 
4 97.24 309.9 341 98.7 357.5 416 
β-CD 
5 96.63 318.6 335 97.2 350.2 414 
100 91.07 309.4 324.9 91.07 309.4 324.9 
0.5 99.25 332.7 358.8 99.5 406 456 
1 98.73 332.8 358.8 99.3 399 450 
2 98.21 333.1 359.6 99.1 398 447 
4 97.81 333.8 361.7 98.3 394 443 
CDEN 
5 97.75 334.9 367.7 97.6 393 440 
100 68.68 286.6 304.7 68.68 286.6 304.7 
0.5 98.96 331.9 355 99.6 438 463 
1 98.35 331 355 99.4 434 447 
2 96.78 325.1 352 99.3 432 443 
4 96.2 323 350 97.6 432 441 
Chitosan 
5 95.46 318 348 96.6 431 440 
100 60.53 267.3 275.9 60.53 267.3 275.9 
0.5 99.58 313.7 336.1 99.2 465.4 446 
1 97.37 309.9 326 98.9 466 446 
2 95.61 285.5 316 97.8 466 446 
4 94.59 279.8 307.9 97.8 466 446 
N,O-CMC 
5 93.65 276.2 300 96.6 466 447 
100 54.99 257.9 267 54.99 257.9 267 
0.5 97.46 297.8 335.8 99.2 402 463.5 
1 97.04 288.6 334.1 98.9 395 451 
2 94.76 275.9 300.9 98.6 393.7 446 
4 92.07 266 290.9 98.3 389.5 440 
O-CMC 
5 89.02 264.1 285.0 97.3 387.9 437.5 
HR= 10°C/min,  
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Figure 69: DTGA curves of PLA, PP and their composites films with 5% polysaccharides 
based materials 
 
5.3.2.3. Scanning Electron Microscopy (SEM) 
The SEM micrographs of both polymer (PLA and PP) and their composites film with 5 % 
polysaccharides additives materials are presented in Figure 70 and shows the morphology and 
the cross section of both polymer (PLA and PP) and their composites film with different 
additives. The SEM micrographs do not indicate any significant agglomeration following the 
adding of any additives. The additives seem to be all homogenously distributed across the 
films cross-sections. 
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Figure 70: SEM micrographs of PLA, PP and their composites films with 5% polysaccharides 
based materials 
 
5.3.2.4. Moisture Measurements  
The ability of textile fibre to absorb moisture and perspiration is an important property for 
providing the comfortable felling to the users. For this reason, we have investigated the 
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moisture management of the resultant polymer composites under different relative humidity 
conditions to screen out the suitability of each composite for the textile application. 
At a 100% relative humidity environment PLA absorbs moisture up to 1.5 of its weight (280), 
while PP absorbs up to 0.2 of its weight (281, 282). The moisture sorption characteristics of the 
both polymer and their composites with 5% polysaccharides additives were measured for the 
blend with 5% additive particles (see Figure 71). The maximum moisture uptake is improved 
by the adding of cotton particles, reaching 2.5% for PLA-cotton composite and to 1.5% for 
polypropylene-cotton composite, respectively. The extra 1.3% moisture absorption in both 
cases is the contribution of the 5% cotton particles. It has to be noticed that the sorption and 
desorption isotherms do not form a hysteresis. Overall, the adding of up to 5% cotton particles 
to the matrix of PLA or PP brings a slight improvement of the total moisture uptake, which is 
attributed to the corresponding amount of cotton particles added, but the shape of the sorption 
and desorption isotherms remained unchanged. 
The addition of β–CD and CDEN to PLA or PP matrix makes composite films which have an 
improved moisture uptake and show the sorption-desorption hysteresis characteristic to natural 
polymers. The composites films of PLA or PP with both β–CD and CDEN adsorb moisture up 
to 5% and 3.5% of their dry weight for PLA and PP based composites, respectively. The 
contribution of CDEN particles to any of the two polymers is also reflected in the S-shape 
sorption and desorption curves. The ability of keeping moisture during the desorption process 
improved for both composites films, with PLA/5% CD performing the best. The presence of 
high amount of hydroxyl groups in the chemical structure of CD provides it the ability to react 
with water molecules and to form a large number of hydrogen bonds to keep the water inside. 
Addition of CDEN modifies the morphology of the both polymer matrices, by increasing the 
amorphous regions (as shown by the DSC results) of the composite structure so that water 
molecules can easily adsorb. CDEN/PP composite recorded the largest hysteresis area that 
reflects the improved ability of keeping water, due to the high amount of hydroxyl and amino 
groups that can bind water molecules via hydrogen bond. 
The adding of 5% chitosan to the PLA or PP polymer matrix enhances significantly the ability 
of the composites to adsorb moisture. At 95% relative humidity, the composite film of 
PLA/chitosan can absorb 4.76 %, almost 4 times the amount taken by pure PLA. The same 
improvement is shown for PP, where the amount of adsorb moisture reached 8% of its weight. 
This is due to the presence of hydroxyl and amine groups of chitosan, which bind water by 
hydrogen bonds. The sorption and desorption isotherms of all the chitosan based composites 
form the hysteresis characteristic to the natural polymer. 
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Adding O-CMC to PLA or PP helps also increasing the moisture adsorption capacity of the 
composite film to almost 6% and 5% of its dry weight for PLA, and PP respectively. The 
ability of keeping moisture is also improved, due to the presence of amino and carboxyl groups 
of O- CMC.  
The moisture sorption and desorption of PLA and PP with 5% N, O-CMC composites indicates 
an increased capacity of moisture uptake to about 4% and 3.5% of film dry weight for PLA 
and PP respectively. The hysteresis formed is very small in case of PLA composite. In 
contrast, N, O-CMC significantly improves the ability of PP composite to keep the moisture, as 
shown by obtaining the largest hysteresis area of all polysaccharide additives.  
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Figure 71: Humidity measurement for PLA, PP and their composites films with 5% 
polysaccharides materials (hysteresis area and total moisture adsorption at 95°C) 
 
5.3.2.5. Tensile Measurements 
Tensile measurements were run to evaluate the mechanical properties of the resultant 
composites films and to establish the compatibly of composites materials to use in textile 
application. 
 
5.3.2.5.1. Force at break 
The values for the force of breaking recorded for the composite films are shown in Figure 72. 
As a general view, any of the composite films require a force smaller than pure PLA film does 
(31 N) for being broken. On the other hand, PP and its composites record high elongations and 
do not broken easily. For this reason, the force at 100% elongation of PP and its composites 
was chosen to compare between the composite films. Some film composites, like those based 
on cotton, chitosan and both carboxymethyl derivatives; require a force at 100% elongation 
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higher than those of pure PP. The other materials, based on β–CD or NH2–βCD, require a force 
smaller than those of PP. 
One may also notice that the effect of particles is not the same for any polymer. While adding 
more cotton particles leads to an increase of the breaking force for both PLA and PP polymer, 
adding more CDEN particles increases the breaking force of PLA composite, but decreases the 
force in case of PP composites. Chitosan and both carboxymethyl derivatives produce a 
reverse effect (the breaking force decreases with increasing amount of additive) in case of PLA 
composites. On the other side, the addition of more of these particles increases the force at 
100% elongation of PP composites. 
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Figure 72: Breaking force (%) for PLA, PP and their composites films with polysaccharides 
based materials 
Breaking force for PP at 100 % elongation 
 
5.3.2.5.2. Elongation at break  
As mentioned before, due to their high elongation, the elongation at break could not be 
recorded for PP and its composites. All the composites films recorded 185% elongation 
without breaking. 
Figure 73 shows the evolution of elongation at break of PLA and its composite films with the 
amount and type of additives. The pattern is similar to those recorded for the force at break 
(see Figure 72). It seems that the elongation at break decreases by adding almost any of the 
particles, with the exception of cotton and CDEN. This effect supports also the DSC finding 
(see Table 23) that by adding of cotton or CDEN the amorphous region of the polymer 
increases (the crystallinity ratio decreases). 
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Figure 73: Elongation at a break (%) for PLA and its composites films with polysaccharides 
based materials 
 
5.3.2.5.3. Breaking Modulus 
The breaking modulus is a material property that describes its stiffness and is used for 
characterizing the textile fibres (283). It is defined in a similar way with elastic modulus, but 
using the values of stress and strain at break: 
strainBreaking
stressBreakingBM =  Equation 19 
In our experiments, we assumed that all the cross-section areas were kept constant by extruder, 
having a rectangular profile with a thickness of 0.2 mm and a width of 15 mm. For the sake of 
simplicity, then, in formula of breaking modulus we used the breaking force instead of 
breaking stress. 
The breaking modulus of PLA and PP composite films are shown in Figure 74. Comparing the 
effect of various additives on the breaking modulus of PLA composite one remarks the strong 
increase due to the addition of cotton and CDEN particles. On the other side, N,O-CMC have 
positive effects for amounts up to 2% and more adding seems to make the composites more 
brittle. Chitosan and O-CMC decrease the modulus to about a half of those of pure PLA.  
The breaking modulus of PP composites films increase due to addition of most of the additives 
except cotton and chitosan, which slightly decrease the modulus. 
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Figure 74: Breaking modulus for PLA, PP and their composites films with polysaccharides 
based materials 
 
5.3.2.6. Conclusions  
All the additives mix well in PLA and PP matrix and the composite films look homogeneous at 
SEM examination. For all film composites, no significant agglomeration is observed by SEM 
measurements at all concentration of additives; chitosan particles seem to be the best and most 
homogenous distributed particles among all materials. 
Chitosan, N,O–CMC and  O–CMC play as nucleating agents for both PLA and PP composite 
materials, increasing the crystalline area of the composite. Cotton powder and CDEN are the 
best materials for improving the mechanic properties of PLA and PP composite films. They 
mix easily with PLA in ratios up to 5% at the melting stage and the obtained films show a 
homogeneous distribution of particles throughout the film. 
The moisture sorption-desorption behaviour of the composite films is improved for any of the 
additives. In certain cases – for β-CD/PLA and NH2-CD /PP composites – the sorption-
desorption isotherms form the sigmoidal hysteresis characteristic to natural fibres. 
As a general conclusion, one may state that, using β-CD based particles in amounts below 5% 
for mixing with PLA or PP melt one obtains composite materials with enhanced moisture 
management and mechanical strength. 
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5.3.3. Keratin based Materials in Thermoplastic Polylactic acid or 
Polypropylene Matrixes 
Polylactic acid and polypropylene were blended with keratin materials. Chemically keratin 
based materials are all chains of amino acids. The keratins are known for having good affinity 
for many classes of dyes, and a good moisture management. We expect that composites based 
on keratins and polymer matrices have improved dyeability and moisture management. 
 
5.3.3.1. Differential Scanning Calorimeter (DSC) 
DSC measurements with heating rate of 10 K min−1 under a flow of nitrogen were run for 
characterising the thermal properties of polylactic acid or polypropylene and their composites 
with keratinous materials. The melting temperatures, enthalpy of fusion and the degree of 
relative crystallinity of pure polymers (PLA and PP) and there composites were determined 
from the second heating cycle and are listed in Table 25. DSC curves of the second heating 
cycle of PLA and PP with 5% additives are illustrated in (Figure 75), for all systems. Table 25 
shows that, all the three keratinous materials act as nucleating agents for both PLA and PP 
polymers, increasing the enthalpy of fusion, and the degree of relative crystallinity with the 
increase from 0.5 to 5% of the amount of keratinous materials to PLA or PP. 
 
Table 25: DSC data for PLA, PP and their composites films with keratinous-based materials 
Polylactic acid Polypropylene Powder 
additive (%) Tc (°C) Tp (°C) ΔH (J/g) Xc % Tc (°C) Tp (°C) ΔH (J/g) Xc % 
Polymer 0  152.5 25.5 34 120.5 166.3 72.6 35 
0.5 114.9 151.1 26.3 35 114.3 166.1 81.1 39 
1 117.8 151.2 29.2 39 115.2 165.7 85.8 41 
2 124.2 151.4 31.5 42 122.9 164.5 92.3 45 
4 124.2 151.9 32.1 42.5 125.7 163.7 94.2 45.5 
Wool 
5 127.4 152.4 32.5 43 128.7 165.7 96.9 47 
0.5 108.5 147.9 25.7 34 122.3 164.8 72.9 35 
1 107.2 147.1 26.4 35 122.4 164.1 73.7 36 
2 112.2 146.8 27.4 36 122.6 163.5 75.3 36 
4 112.7 144.9 28.4 38 125.9 163.2 77.2 37 
Soluble 
Keratin 
5 113.2 143.0 31.4 42 126.4 162.7 80.5 39 
0.5 82.0 151.2 25.8 34 118.4 170.9 74.3 36 
1 88.9 151.7 26.2 35 119.2 172.9 81.4 39 
2 94.0 151.9 26.6 35 119.5 173.4 91.6 44 
4 107 152.5 27.3 36 119.8 174.2 91.8 44 
Keratose 
5 114.4 153.7 28.2 37 120.3 174.6 95.5 46 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Xc: Degree of Relative Crystallinity 
Chapter 5: Development of PLA and PP based Fibres with Improving their Properties 
DWI an der RWTH-Aachen University              152
80 100 120 140 160 180 200
H
ea
t F
lo
w
 E
nd
o 
U
p 
(m
W
)
Temperature (°C)
 PLA                             (1)
 5 % Wool                    (2)
 5 % Keratose              (3)
 5 % Soluble Keratin  (4)
4
3
2
1
    
80 100 120 140 160 180 200
H
ea
t f
lo
w
 E
nd
o 
U
p 
(m
W
)
Temperature (°C)
 PP                                (1)
 5 % Wool                    (2)
 5 % Keratose              (3)
 5 % Soluble Keratin  (4)
1
2
3
4
 
Figure 75: DSC curves of the second heating of PLA, PP and their composites films with 5 % 
keratinous-based materials 
 
5.3.3.2. Thermogravimetric Analysis (TGA) 
Thermal stability of PLA, PP and their composites was tested by using TGA analysis, by 
heating the samples from room temperature to 600°C with a heating rate of 10 K/min under a 
nitrogen flow. 
Decomposition onset and peak temperature, and mass loss of PLA, PP and their composites 
with keratin material are listed in Table 26. TGA plot and its derivative curve, DTGA, are 
shown in (Figure 76 and Figure 77). As demonstrated by TGA and the derivative (DTGA) 
plots, the thermal and decomposition behaviours of PLA and its composites systems are 
typically the same. Also, there is no difference between the thermal behaviour of PP and its 
composites.  
For PLA and its composite, the decomposition stage starts at 280 °C and ends at 400°C, and is 
attributed to the decomposition of PLA side chain (276) and the pyrolysis of the keratinous 
powders.  
Polypropylene shows one-step decomposition occurred under nitrogen atmosphere, and 
behaviour of its composites is the same. The decomposition reaction begins at around 395 ○C 
at heating rate of 10 K min-1, and keratin materials added to the matrix affect the onset. It 
occurs as result of the initiation of the process of breaking up the main chain of polypropylene 
and ends at around 500○C.  
The decomposition onset temperature is not affected by small amounts (up to 2%) of wool. At 
higher ratios of 4 and particularly 5% the onset temperature decreases significantly reaching 
324°C in case of PLA composites, 10 degrees lower than of the pure PLA material. This can be 
2011 
  Amina L. Mohamed 153
due to the decomposition of wool, which starts normally at around 270°C (284), and which is 
probably delayed by the encapsulation of particles in the PLA matrix.  
At the same wool ratios with polypropylene, the onset temperature and the peak temperature 
increase, suggesting that wool powder at these ratios increases the thermal stability of PP 
polymer. Mass loss of the polymer composites decreases by increasing the amount of wool 
powder to both polymeric materials. 
The onset temperature of the composites decreases by adding soluble keratin to PLA matrix, 
the beginning of the pyrolysis decreases with increasing the amount of added soluble keratin 
powder. Like for the composite with wool powder, the decrease, which is noticeable for 4 and 
5% adding, may be due to the beginning of keratin decomposition, which is delayed by the 
encapsulation of keratin in PLA matrix. In contrast, the decomposition temperature of PP 
composite increase by adding more amount of soluble keratin.  
On the other hand, adding amounts of keratose to PLA matrix increases the thermal stability of 
the PLA/keratose composites and the pyrolysis begins 3 ºC later than those of pure PLA film. 
On the other hand, adding keratose to PP, decrease the decomposition temperature of the 
composite material in all blending ratios.  
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Figure 76: TGA curves for PLA, PP and their composites with 5% keratinous-based materials 
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Figure 77: DTGA curves for PLA, PP and their composites with 5% keratinous-based 
materials 
 
Table 26: TGA and DTGA data for PLA, PP and their composites with keratinous-based 
materials 
Polylactic acid Polypropylene Powder additive 
(%) Mass loss 
(%) 
T onset 
(°C) 
DTGA 
peak (°C)
Mass loss 
(%) 
T onset 
(°C) 
DTGA 
peak (°C)
Polymer 0 100 332.4 358.5 100 442.0 462.7 
100 77.58 267.3 327.6 77.58 267.3 327.6 
0.5 100 332 358 99.1 442 462 
1 99.8 331,7 357 98.5 441 462 
2 99.7 331.4 352.2 98.3 442 463 
4 99.6 327.9 344.7 98 443 466 
Wool 
5 98.4 324.1 341.1 97.5 445 470 
100 75.97 262.2 333.0 75.97 262.2 333.0 
0.5 99.59 331.6 362 99.41 447 462 
1 98.74 329.8 358 99.12 448 461 
2 98.45 329.3 357 98.95 448 460 
4 97.95 319.6 358 98.43 449 460 
Soluble 
Keratin 
5 97.73 311.1 358 97.13 450 460 
100 73.37 277.3 330.9 73.37 277.3 330.9 
0.5 97.03 332 358 99.5 402 453.5 
1 96.72 333 359.7 99.5 395 451 
2 96.68 333.5 360 99.4 393.7 446 
4 96.35 334.5 361.5 98.9 389.5 440 
Keratose 
5 96.16 335.8 363.8 97.3 387.9 437.5 
HR= 10°C/min 
 
2011 
  Amina L. Mohamed 155
5.3.3.3. Scanning Electron Microscopy (SEM) 
Figure 78 shows the SEM of the morphology and cross sections of PLA, PP and its 
composites films with wool, Keratose and soluble keratin. 
Micrographs of PLA, PP and their composites with wool, soluble keratin and keratose are 
given below and show the cross section of composite films. There are no significant 
agglomerations of particles, which seem to be homogenously distributed across the films 
surfaces and cross-sections. As it seen from the SEM micrographs, the large particles of wool 
are often visible in PLA and PP matrix. By adding high amount of soluble keratin, one 
observes a change of surface appearance corresponding to the darkening of the film colour. 
This is not apparent with the other keratin materials. 
     
PLA only    PP only 
     
PLA/5 % wool    PP/5 % wool 
     
PLA/2 % keratose   PP/2 % keratose 
     
PLA/5 % SK    PP/5 % SK 
Figure 78: SEM micrographs of PLA, PP and their composites with 5% keratinous-based 
materials 
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5.3.3.4. Moisture Measurements  
The moisture sorption characteristics of the polymers and their composites with 5 % keratinous 
additives were measured for the blend with 5% particles (see Figure 79). 
At 100% relative humidity environment wool takes moisture up to 33% of its weight (285). 
Therefore, by adding wool particles to PLA or PP material we expect that the moisture 
sorption-desorption performances of the composite film will improve.  
As Figure 79 indicates pure PLA and PP absorbs 1.2 and 0.2% of sample weight respectively, 
as moisture from a 95% relative humidity environment, and they loses this water easily at the 
decreasing of relative humidity. This is attributed to the lack of any functional group in the 
chemical structure of both polymers, which could form hydrogen bonds for keeping water 
inside. 
By adding 5% of wool powder to the PLA polymer one observes the change of the ability of 
the composite to adsorb moisture. The composite film can take 3% of its weight moisture when 
the surrounding environment has 95% relative humidity. This is more than twice what pure 
PLA adsorbs under the same conditions. The extra-amount fits practically the contribution of 
wool particles (5% absorbing 33% moisture = 1.8% extra moisture) added to the film. The 
composite also records the hysteresis at desorption, similar to wool behaviour (286). As it 
appears the adding of 5% wool particles to PLA matrix changes significantly the moisture 
sorption-desorption properties making the composite film to behave closer to natural products. 
By adding 2% of keratose or 5% soluble keratin to the PLA matrix the obtained composites 
adsorb also 3 % moisture in a surrounding environment of 95% relative humidity The specific 
moisture sorption and desorption characteristics are well improved compared to those of pure 
PLA. The contribution of keratose or soluble keratin to the composite film is also reflected by 
the large hysteresis characteristic to natural hydrophilic polymers, which is recorded for the 
composite film. 
Similar effects are observed at adding any of keratinous materials to PP matrix. The amount of 
adsorbed moisture increases to 1.5% of its weight in case of wool or soluble keratin and 2.5% 
of its weight in case of adding keratose and a hysteresis area becomes evident. 
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Figure 79: Humidity measurement for PLA, PP and their composites films with 5% 
keratinous-based materials (hysteresis area and total moisture absorbance at 95°C) 
 
5.3.3.5. Tensile Measurements 
5.3.3.5.1. Force at break 
Force at a break for PLA and its composite and force for 100% elongation of PP and its 
composites are shown in Figure 80.  
The figure illustrates that force at break recorded for the keratinous composites with PLA at all 
blending ratios is smaller than the value for pure PLA film. One may also notice that while 
adding more wool particles the breaking force increases significantly, the other additives 
produce a reverse effect (the breaking force decreases with increasing amount of additive). 
The force for 100% elongation of PP composite with wool, soluble keratin or keratose, is also 
higher than those of pure PP (4 N). This is in agreement with the increase of crystallinity as 
noticed for these composites from DSC data (see Table 25). The required force increases by 
increasing the amount of additive materials to PP matrix. 
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Figure 80: Breaking force (%) for PLA, PP and their composites films with keratinous based 
materials 
Breaking force for PP recorded at 100 % elongation  
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5.3.3.5.2. Elongation at break  
Figure 81 shows the elongation at break recorded for all the film composites. The elongation 
at break has a different pattern compared to those of the force at break. It seems to be 
decreased by almost all the additives, a result expected from the DSC data (Table 25) which 
showed that adding of wool, soluble keratin or Keratose particles, increases the crystalline 
region of the composite.  
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Figure 81: Elongation at a break (%) for PLA and its composites films with keratinous based 
materials 
 
5.3.3.5.3. Breaking Modulus 
The breaking modulus has been defined previously (see Equation 19), by using the values of 
stress and strain at break. In our experiments, we assumed that all the cross-section areas were 
kept constant by extruder, having a rectangular profile with a thickness of 0.2 mm and a width 
of 15 mm. For the sake of simplicity, then, in formula of breaking modulus we used the 
breaking force instead of breaking stress. Figure 82 shows the breaking modulus of all 
prepared films composites. 
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Figure 82: Breaking modulus for PLA, PP and their composites film with keratinous-based 
materials 
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Comparing the effect of various additives on the breaking modulus of PLA or PP composites, 
one remark the strong increasing due to the addition of wool particles and soluble keratin (SK) 
appears to do not change the mechanics of PLA or PP. Nevertheless, keratose decrease the 
modulus to about a half of those of pure PLA, while it is slightly increases the modulus of PP.  
 
5.3.3.6. Conclusions 
Summing up, all the keratin additives mix well in PLA or PP matrix and the composite films 
look homogeneous at SEM examination. Wool particles are the best to be used for improving 
the thermal stability and the mechanical properties of composite films with PLA or PP.  
All the three keratinous materials proved also to be a good nucleating agent for both PLA and 
PP, the composite film wool-PLA or wool-PP having high degrees of relative crystallinity, as 
observed from DSC measurements. Yellow colour is the most disadvantageous effect when 
adding the keratin-based materials to PLA or PP. The moisture sorption-desorption behaviour 
of the composite films is improved for any of the additives. The sorption-desorption isotherms 
form the sigmoidal hysteresis characteristic to natural fibres. As a general conclusion one may 
state that using keratin based particles in amounts below 5% for mixing with PLA or PP melt 
one achieve a composite material with improved  degree of crystallinity, moisture management 
and mechanical strength. 
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5.3.4. Synthetic Materials in Thermoplastic Polylactic acid or 
Polypropelene Matrixes 
Two synthetic materials, namely cyclic butylene terephthalate (CBT) and synthesized amide 
compound (BIS) N,N-1,4-butanediyl-bis[6-hydroxy hexanamid], in dry form (powder or 
crystals which could be melt), were used as additives to PLA and PP to improve their moisture 
absorbance, thermal and mechanical properties. These materials are mentioned in literature as 
plasticizing PLA matrix and improving its mechanical properties (particularly brittleness). (287-
291) There are no reported studies about their effect on dyeability or moisture management of 
the PLA or PP polymer. 
 
5.3.4.1. Differential Scanning Calorimeter (DSC) 
DSC measurements with heat rate 10°C min−1 under a flow of nitrogen were run for 
characterising the thermo-physical properties of PLA and PP and their composites. The degree 
of crystallinity and melting temperatures were determined from the second heating cycle and 
are given in Table 27. Figure 83 show the DSC curves of PLA, PP and their composites with 
5% additive materials. It may be noticed that both of the enthalpy of fusion increase slightly by 
adding of CBT and BIS amide compounds to the PLA and PP. Particularly, amounts higher 
than 2% of CBT are effective for increasing the crystallinity of the PLA or PP composite. The 
increase of the degree of relative crystallinity for composites with CBT of 4 and 5% suggests 
that CBT becomes a nucleating agent for the PLA and PP crystallites. Its effect may be 
attributed to the formation of crystalline polybutylene terephtalate (292) inside the polymer 
matrix during the extrusion process, when the ring opening polymerization of CBT may occur 
(293, 294)  and convert it to polybutylene terephtalate.  
BIS-amide has the same effect, of nucleating agent and increasing the PLA and PP 
crystallisation, because the crystallinity of ester amide is lower than both polymers, so it makes 
crystal faster than they do (260). The melting temperature decreases slightly with increasing the 
amount of BIS-amide, probably because the melting temperature of this compound (136-
137°C) is less than the melting temperature of PLA (152.5°C) or PP (166.5°C). 
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Figure 83: DSC curves of the second heating of PLA, PP and their composites films with 5 % 
synthetic materials  
 
Table 27: DSC data for PLA, PP and their composites films with synthetic materials 
Polylactic acid Polypropylene Powder 
additive (%) Tc (°C) Tp (°C) ΔH (J/g) Xc % Tc (°C) Tp (°C) ΔH (J/g) Xc % 
Polymer 0  152.5 25.5 34 120.5 166.3 72.6 35 
0.5 111.9 153.4 25.8 34 123.5 165.2 85.9 41.5 
1 116.0 154.9 26.3 34 124.1 164.9 86.3 42 
2 117.9 156.4 26.7 35 124.2 163.9 86.5 42 
4 120.6 158 28.4 35 124.5 163.2 88.3 43 
5 121.4 158.4 30.1 38 124.5 162.9 89.1 43 
CBT 
100  127.4    127.4   
0.5 107.6 153.4 27.2 36 120.3 165.9 74.3 36 
1 108 149.1 28.2 37 119.8 164.9 81.4 39 
2 108.5 149.4 28.7 38 119.6 164.4 91.6 44 
4 108.9 148.9 29.1 39 119.5 164.2 91.8 44 
5 109.8 148.4 29.9 40 119.2 163.6 95.5 46 
BIS 
amide 
100 125.13 139.5 129.7 -- 125.13 138.2 134.5 -- 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Xc: Degree of Relative Crystallinity 
 
5.3.4.2. Thermogravimetric Analysis (TGA) 
Thermal stability characteristics of PLA and PP and their composites were tested using TGA 
analysis, by heating the samples from room temperature to 600°C with a heating rate of 10 
K/min under a nitrogen flow. 
TGA results are listed in Table 28, and presented in Figure 84 and Figure 85. They show that 
the decomposition stage of PLA occurs at 280 – 400°C and of PP at 380 – 500°C. The stages 
are attributed to the decomposition of PLA side chain (276) and the decomposition and breaking 
of the main chain of polypropylene, respectively. Although CBT has a better thermal stability 
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than PLA and lower than PP, the adding of CBT particles to PLA or PP produces composite 
films with lower values of onset and peak temperature of the decomposition stage than any of 
the pure polymers or CBT. This may be due to the scission of the PLA and PP chains under the 
influence of cyclic butylene terephtalate. 
Similar results are obtained by adding BIS amide to the PLA matrix. The temperature of 
decomposition of the composite film decreases indicating a reduced thermal stability of the 
mixture. This happened in spite of the fact that BIS amide has a higher temperature of 
decomposition than pure PLA. The effect is similar to those noticed at adding CBT and may be 
attributed to the same reason of the scission of PLA chains under the influence of BIS amide. 
On contrast, the adding of BIS amide to the PP matrix increases the temperature of 
decomposition compared to those of pure PP, which indicates a better thermal stability. This 
happened in spite of the fact that BIS amide has a lower temperature of decomposition than 
pure PP. Figure 84 and Figure 85 graph DTGA and TGA curves of PLA and PP and their 
composites with 5 % additives. These Figures show that adding 5 % additives to the polymer 
matrix does not change the shape of the decomposition step of polymer composites.  
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Figure 84: TGA curves for PLA, PP and their composites films with 5 % synthetic materials 
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Figure 85: DTGA curves for PLA, PP and their composites films with 5% synthetic materials 
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Table 28: TGA and DTGA data for PLA, PP and their composites films with synthetic 
materials 
Polylactic acid Polypropylene 
Powder additive 
(%) Mass loss 
(%) 
T onset 
(°C) 
DTGA 
peak (°C)
Mass loss 
(%) 
T onset 
(°C) 
DTGA 
peak (°C)
Polymer 0 100 332.4 358.5 100 442.0 462.7 
100 95.48 379.7 398 95.48 379.7 398 
0.5 100 323 352.7 99.3 439.2 462.9 
1 100 320 351.4 99.0 433.9 463.1 
2 100 320 346.8 99.0 426.8 463.1 
4 99.7 314 344.3 99.0 417.6 463.7 
CBT 
5 99.32 307 340.6 98.7 413.4 464.2 
100 100 352.9 387.6 100 352.9 387.6 
0.5 100 323.3 356.4 99.0 443 463 
1 100 306.6 343.2 99.0 444 463.6 
2 100 283 325.8 99.0 444 464 
4 100 277.7 311.6 98.0 444 464 
BIS amide 
5 98.46 273.3 311.1 99.0 444.5 467 
HR= 10°C/min 
 
5.3.4.3. Scanning Electron Microscopy (SEM) 
SEM micrographs of both polymer (PLA and PP) and their composites film with 5 % synthetic 
additive materials are presented in Figure 86. The micrographs show the formation of clear, 
transparent films of PLA or PP composite films with CBT or BIS amide, supporting the 
subjective evaluation of good miscibility and compatibility of these two components (CBT and 
BIS amide) with PLA and PP polymers. 
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Pure PLA    Pure PP 
     
PLA/5% CBT    PP/5% CBT  
     
PLA/5% BIS amide   PP/5% BIS amide  
Figure 86: SEM micrographs of PLA, PP and their composites films with 5% synthetic 
materials 
 
5.3.4.4. Moisture Measurements 
The moisture sorption-desorption characteristics of the composites with 5% synthetic additives 
are given in Figure 87. 
We expected that, by adding the synthetic materials to polymer matrixes, the absorption of the 
moisture improve, which is required for applications in textiles. 
CBT and BIS-amide improve the moisture absorption of PLA composite films but they still 
behave as synthetic materials, as the loss of moisture occurs easily by desorption, without the 
formation of the hysteresis.  
Figure 87 show that 5% of CBT or BIS-amide to PLA increases the moisture uptake up to 
2.8% and 3.75%, respectively, of the dry weight of the composite films. Similarly, when mixed 
with PP the materials assist increasing the moisture up take to 1.5 % of the dry weight of their 
composites films with PP at relative humidity of 95%. The increased capacity of moisture 
adsorption is probably due to the contribution of the ester group of CBT and the presence of 
amide groups in the BIS amide compound, which bind water molecules. 
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Figure 87: Humidity measurement for PLA, PP and their composites films with 5% synthetic 
materials (hysteresis area and total moisture absorbance at 95°C) 
 
5.3.4.5. Tensile Measurements 
5.3.4.5.1. Force at break 
The force of breaking recorded for PLA and its composites, and the force at 100% elongation 
measured for PP and its composite films respectively, are shown in Figure 88. 
As a general view, any of the PLA composite films requires a force smaller than pure PLA 
film does (31 N) for being broken. On the other hand, the composite films with PP require 
larger force than pure PP does to be elongated with 100%. The amount of the force increases 
with increasing the amount of additive materials to PP matrix. 
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Figure 88: Breaking force (%) for PLA, PP and their composites films with 5 % synthetic 
materials at  
Breaking force for PP and its composites film is recorded at 100 % elongation 
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5.3.4.5.2. Elongation at break  
The elongation at break recorded for all PLA composite films is shown in Figure 89. The 
elongation at break decreases almost linearly with adding BIS amide but it appears to increase 
when adding CBT. One may notice that for large amount of added CBT to PLA matrix the 
elongation at break reaches values around those of pure PLA. 
0 1 2 3 4 5
-1
0
1
2
3
4
5
6
7
8
9
E
lo
na
tio
n 
(%
)
Additive Materials (%)
 PLA             
 CBT
 BIS amide
 
Figure 89: Elongation at a break (%) for PLA and its composites films with 5 % synthetic 
materials 
 
5.3.4.5.3. Breaking Modulus 
The breaking modulus was defined previously (see Equation 19) as the ratio of breaking stress 
to breaking strain. In our experiments, we assume that all the cross-section areas are kept 
constant by extruder, having a rectangular profile with a thickness of 0.2 mm and a width of 15 
mm. For the sake of simplicity, then, in formula of breaking modulus we used the breaking 
force instead of breaking stress. Figure 90 shows the breaking modulus of all prepared films 
composites. 
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Figure 90: Breaking modulus for PLA, PP and their composites films with 5 % synthetic 
materials 
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Comparing the effect of the two additives on the breaking modulus of PLA composites one 
remarks that both additives decrease the modulus to about a half of those of pure PLA. In case 
of PP composites, the adding of more additive decreases the modulus, which remains higher 
than those of the pure PP. 
 
5.3.4.6. Conclusion  
Extrusion and film formation for all composite films was easy applicable for all additives. The 
additives mix well in PLA or PP matrix and the composite films look homogeneously at SEM 
examination. DSC measurements show that the additives have a slight nucleating action, but 
significantly less than those of keratin additives. The moisture sorption of the composite films 
is improved for both of the additives, but there are almost no hysteresis formation. Both CBT 
and BIS-amide decrease the breaking modulus of PLA composite films, but their lowest values 
still higher than pure pp. 
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5.3.5. Improving the Dyeing Properties of PLA Composites Films 
As is usual with any new fibre, the coloration and wet processing technologies demand 
significant attention. Colour is important not only because it is the prime driver when 
purchasing a new garment, but also because it offer hints for the behaviour of the fibre through 
the various subsequent finishing treatments. 
Polylactide or poly(lactic acid) (PLA) is relatively new comer in textiles such as apparel, 
indoor and outdoor furnishings, and hygiene products (295). PLA fibre is most commonly dyed 
with disperse dyes. One major concern with PLA is that only a limited number of disperse dyes 
have been found to have good exhaustion on PLA at the appropriate dyeing temperature (296). 
Several major dyes manufacturers have already offered selected ranges of disperse dyes for 
applying to PLA. 
Due to the absence of reactive group in the chemical structure of PLA, its dyeing is usually 
performed at high temperature (297-299). The optimum dyeing conditions recommended by 
DyStar for dyeing PLA is 110ºC for 30 minutes at pH 5. 
There are indications that the colour exhaustion and colour yields can be increased by 
modification of the basic PLA polymer, altering the proportions of the D-and L-isomers, and 
thereby changing the amorphous/crystalline ratios. Higher D-levels have more amorphous and 
less crystalline regions and allow for increased dye exhaustions (300). 
Compared to ionic dyes, disperse dyes have smaller molecular extinction coefficients and 
lower build up property. So these dyes cannot give bright and deep colours. Moreover, fastness 
to sublimation and wet treatments of disperse dyes are relatively poor compared to other 
classes of dyes. 
We expected that by adding small amounts of polysaccharide additive, which are dyeable with 
reactive and/ or acid dyes, to the matrix of PLA will turn the composite material into an easy 
dyeable one at water boiling temperature. 
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5.3.5.1. Dyeing Uptake of PLA and its Composites Film with Polysaccharides 
based Materials 
The results of the laboratory dyeing in terms of the colour strength are given in Figure 27. The 
values of K/S for PLA, and PLA/composites measured before and after the dyeing with 
reactive and acid dyes indicate that although cotton fibres are dyeable with direct and reactive 
dyes because of the presence of hydroxyl groups, the dyeability of PLA/cotton composite films 
does not improve at all. This is unexpected and it shows that cotton particles behave differently 
in the polymer composite matrix. 
On the other side, the composite films of PLA with chitosan show a good affinity for reactive 
dyes in acid, but not in alkaline medium and moderate affinity for acid dyes. This may be 
attributed to the electrostatic interaction between the protonated amino group –NH3+ of 
chitosan and reactive dye anions or sulfonate acid groups of acid dye, which are promoted by 
acid pH. The alkaline medium allows only hydroxyl group to react with reactive dye, but this 
reaction seems to be hindered by the hydrophobic environment provided by PLA matrix.  
The dyeing behaviour of PLA/CDEN composites films improves towards acid and reactive 
dyes in both acidic and alkaline medium and PLA/β-CD composites show good dye uptake for 
reactive dyes from the alkaline medium. The improvement in dyeing behaviour of PLA/CDEN 
supports the hypothesis that CDEN increases the amorphous region of the material at the 
expense of crystalline region, because the dye molecules go into amorphous region only. The 
presence of amino group in the structure of CDEN plays an effective role, leading to the 
accessibility towards acid dye and reactive dye in acidic pH. The hydroxyl group of the same 
compound and of the β-CD are probably easier accessible to dyes and are responsible of the 
dye uptake in alkaline medium. 
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Table 29: Colour strength of PLA and its composites films with polysaccharides based 
materials 
K/S 
Reactive Blue Reactive Yellow 
Material 
additive  
% 
Before 
Dyeing Acid Blue acid medium alkali medium acid medium alkali medium 
PLA 100 0.94 0.72 0.72 – 0.80 0.80 
100 0.42 – – – – 33.78 
0.5 0.93 – – – – 0.95 
1 0.99 – – – – 0.99 
2 1.04 – – – – 1.04 
4 1.09 – – – – 1.09 
Cotton 
5 1.11 – – – – 1.14 
0.26 - - 8.26 - - 0.5 0.35 - - - - 9.74 
0.29 - - 9.21 - - 1 0.38 - - - - 10.58 
0.32 - - 10.16 - - 2 0.41 - - - - 11.41 
0.37 - - 11.75 - - 4 0.46 - - - - 12.80 
0.40 - - 12.70 - - 
β-CD 
5 0.49 - - - - 13.64 
0.39 7.91 0.62 7.66 - - 0.5 0.49 - - - 7.18 5.49 
0.42 8.51 0.66 8.24 - - 1 0.52 - - - 7.62 5.82 
0.45 9.12 0.71 8.83 - - 2 0.55 - - - 8.06 6.16 
0.50 10.12 0.79 9.81 - - 4 0.60 - - - 8.79 6.72 
0.53 10.73 0.83 10.39 - - 
CDEN 
5 0.63 - - - 9.23 7.06 
0.25 3.51 7.57 0.35 – – 0.5 0.58 – – – 8.13 1.00 
0.28 3.93 8.47 0.39 – – 1 0.61 – – – 8.55 1.05 
0.31 4.34 9.37 0.43 – – 2 0.64 – – – 8.97 1.10 
0.36 5.04 10.87 0.50 – – 4 0.69 – – – 9.68 1.19 
0.39 5.46 11.77 0.55 – – 
Chitosan 
5 0.72 – – – 10.10 1.24 
4.12 3.91 4.44 – – – 0.5 15.87 – – – 15.55 – 
4.15 4.94 4.47 – – – 1 15.90 – – – 15.55 – 
4.18 4.97 4.50 – – – 2 15.93 – – – 15.56 – 
4.23 4.00 4.53 – – – 4 15.98 – – – 15.57 – 
4.26 4.03 4.56 – – – 
N,O-CMC 
5 16.01 – – – 15.57 – 
3.50 2.79 3.89 – – – 0.5 12.11 – – – 12.01 – 
2.81 2.83 3.05 – – – 1 12.89 – – – 12.11 – 
2.87 2.95 3.14 – – – 
O-CMC 
2 10.45 – – – 11.26 – 
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5.3.5.2. Dyeing Uptake of PLA and its Composites Film with Keratinous based 
Materials 
The dyeing uptake of PLA composite films with wool powder, soluble keratin and keratose 
were represented in Table 30. One can observed that, the dyeing uptake of reactive and acid 
dyes improves for all composite films. 
These composites achieve good dyeing properties, but they have some disadvantages like 
yellowing with increasing the amount of keratinous material in the PLA matrix. This is 
attributed to the oxidation of amino group at high extrusion temperature and their conversion 
into nitro group, which give the yellow colour. 
 
Table 30: Colour strength of PLA film and its composites with keratinous-based materials 
K/S Material additive 
% Before Dyeing Acid Blue Reactive Yellow 
PLA 100 0.94 0.72 0.80 
0.83 5.10 - 0.5 1.55 - 5.10 
0.87 6.01 - 1 1.58 - 5.33 
0.93 6.43 - 2 1.60 - 5.43 
0.98 6.81 - 4 1.66 - 5.50 
1.05 6.93 - 
Wool 
5 1.70 - 5.68 
0.92 6.13 - 0.5 1.72 - 5.41 
0.98 6.34 - 1 1.81 - 5.54 
1.01 6.55 - 2 1.96 - 5.62 
1.12 6.72 - 4 2.2 - 5.73 
1.23 6.91 - 
Soluble Keratin 
5 2.43 - 5.81 
0.5 0.57 3.95 5.65 
1 0.60 4.01 5.88 Keratose 
2 0.64 4.23 5.96 
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5.3.5.3. Dyeing Uptake of PLA and its Composites Film with Synthetic Materials 
Table 31 lists the dyeing uptake of PLA/CBT, PLA/BIS amide composites films. The dyeing 
properties are slightly improved towards reactive dyes at acid pH, but there is no uptake of 
acid dyes. Increasing the amount of added materials leads to increasing of the colour strength 
of composite films. CBT converts by heating to polybutylene terephthalate, which is polyester, 
which may apparently improve the dyeing behaviour of PLA composite film. Adding BIS 
amide compound to PLA the composite has more hydroxyl and amide groups, which have 
moderate accessibility to the reactive and acid dyes respectively. 
 
Table 31: Colour strength of PLA film and its composites with synthetic materials 
K/S Material additive  
% Before Dyeing Acid Blue Reactive Blue Reactive Yellow
PLA 100 0.94 0.72 0.72 0.80 
0.77 0.63 4.05 - 0.5 0.86 - - 3.09 
0.80 0.65 4.21 - 1 0.89 - - 3.20 
0.83 0.68 4.36 - 2 0.92 - - 3.31 
0.88 0.72 4.63 - 4 0.97 - - 3.49 
0.91 0.74 4.78 - 
CBT 
5 1.00 - - 3.60 
0.41 1.10 8.12 - 0.5 0.40 - - 1.10 
0.42 2.20 9.20 - 1 0.42 - - 2.20 
0.45 2.32 9.70 - 2 0.46 - - 2.32 
0.48 4.40 9.83 - 4 0.48 - - 4.40 
0.49 5.03 9.94 - 
BIS amide 
 
5 0.48 - - 5.03 
 
5.4. Conclusions 
Most of the additive materials help improving the dyeing uptake of PLA composite. Chitosan, 
β-CD and NH2- β-CD are the best polysaccharide additives for improving the dyeing uptake of 
PLA composite film towards reactive dye. Wool proved to be the best keratin based material 
for improving the dyeing uptake of PLA composites towards acid dye, whilst BIS amide 
improves the dyeing properties of PLA composite in acid medium towards reactive dye. 
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6. Polypropylene Composites with N-Grafted Chitosan Derivatives 
with Improving Thermal and Mechanical Properties 
Chapter 6: PP Composites with Grafted Chitosan Derivatives with Improving their Properties  
6.1.  Introduction 
Deacetylation of chitin, the second most abundant biopolymer isolated from insects, 
crustaceans, such as crab and shrimp, as well as from fungi, leads to poly-(1,4)-D-
glucosamine, the so called chitosan. It is a linear polysaccharide of β-(1,4)-2-amino-2-deoxy-
D-glucopyranose(GLcN) and 2-acetamido-2-deoxy-D-glucopyranose(GLcNAc) residues, with 
excellent biodegradable antibacterial, non-toxicity, and biocompatible characteristics (301-304). 
Chitosan has become of great interest not only as an underutilized resource, but also as a new 
functional material with high potential in various fields, such as pharmaceutical, cosmetic and 
textile industries (305). 
Chitosan has one amino group and two hydroxyl groups in the repeating hexa-amide residue. 
Chemical modification of these groups during a regeneration reaction creates various novel 
biofunctional macromolecular products that have a new organization. Many studies confirm 
that, amino groups of chitosan are reactive enough to react with a number of acid chlorides, 
acid anhydrides and aldehydes via Schiff base reaction to yield the corresponding aldimines 
and ketimines, which are converted to an N-alkyl derivative by reduction with sodium 
borohydride (NaBH4) or sodium cyanoborohydride (NaBH3CN) (306, 307). 
Grafting of chitosan allows the formation of functional derivatives by covalent binding of the 
graft onto the chitosan backbone. Recently researchers have also shown that after primary 
derivation followed by graft modification chitosan reaches improved water solubility and 
bioactivities, such as antibacterial and antioxidant properties (308). Grafting of chitosan is a 
common way to improve its properties such as increasing chelation (309) or complexation 
properties (310), antibacterial effect (311) and enhancing adsorption properties (312). Although the 
grafting of chitosan modifies its properties, it is possible to maintain some interesting basic 
characteristics (313) such as biocompatibility (314) as a result of hydrogen bonds and hydrophobic 
interactions. 
Many investigations have been carried out on the graft copolymerization of chitosan in view of 
preparing polysaccharide-based advanced materials with unique bioactivities and thus 
widening their applications in biomedicine and environmental fields (312).  
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Chitosan blended with polyester and cellulose fibres renders antibacterial property to such 
fibres. The resulting fibres show excellent laundering durability and retention of antibacterial 
activity following several laundering cycles (315).  
Chitosan and several of its water insoluble derivatives have shown excellent binding capacities 
against toxic, fatty acids and hazardous heavy metal ions such as Sn+2 and Sn+4 (including 
organic tins), Hg+2, Pb+2, U+6 and transition metal ions e.g. Cd+2, Cu+2, Cr+2, Zn+2, Ni+2 and V+4 
(315) (316). 
N-alkyl chitosan derivatives were prepared by introducing alkyl groups into the amine groups 
of chitosan by aldimine formation and hydrogenation. In the N-alkyl chitosans the hydrogen 
bonds are weakened by the presence of substituents and therefore they swell in water.  
N- Aryl chitosan has also better properties than chitosan itself. The reaction of chitosan and 
benzaldehyde occurs as a Schiff’s reaction of aldehyde groups with amine groups of chitosan 
chain (317, 318). N -benzylidene chitosan adsorption metal ions better than chitosan does. This is 
due to CtsB containing aromatic ring which is favourable for adsorbing metal (319). 
Derivatives of quaternary ammonioum chitosan are typically synthesized either by direct 
quaternization of the amino groups of chitosan using alkyl halides under alkaline conditions 
(320, 321), or by the reductive N-alkylation reaction of chitosan with aldehydes via Schiff’s base 
intermediates followed the quaternization by methyl iodide (322-324), or by reductive N-
alkylation reaction of chitosan with quaternary ammonium-type aldehydes (325). While the first 
two methods introduce alkyl groups not only to the amino groups, but also to the hydroxy 
groups, the last method is more selective for functionalizing the amino groups (326, 327). 
The introduction of a hydrophobic alkyl chain or aryl group to chitosan leads to amphiphilic 
chitosan derivatives, chitosan hydrophilic backbone being used to prepare amphiphilic 
polymers by hydrophobic substitution (328). 
The properties of N-grafted chitosan derivatives are used for improving those of 
polypropylene. N-grafted chitosan derivatives are infiltrated in PP matrix via extrusion. The 
extruded composite films served for studying the thermal and mechanical properties of the 
composite, as well as the ability to absorb and keep moisture, compared to pure PP polymer. 
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6.2. Experimental 
6.2.1. Materials 
N-grafted chitosan derivatives, shown in Table 32, are blended with polypropylene grains 
during extrusion. According to the number of grafted side chains the N-grafted chitosan 
compounds can be classified into three categories: 
a) Mono-N-grafted chitosan 
Table 33 explain the chemical structure and the substitution percent for these 
compounds  
‐ Grafted chitosan with benzaldehyde (Ch/B) 
‐ Grafted chitosan with oxocane (Ch/O-OH) 
‐ Grafted chitosan with oxacyclotridecane (Ch/D-OH) 
‐ Grafted chitosan with 3-chloro-2-hydroxypropyl-dimethyl-phenyl-amonium 
chloride (QI_I) (Ch/QI_I25) 
 
b) Di-N-grafted chitosan 
Table 34 explain the chemical structure and the substitution percent for these 
compounds  
‐ Grafted chitosan with (QI_I)(25 % from amino group) and 1-chlorododecane (20 % from amino 
group) (Ch/QI_I/D20) 
‐ Grafted chitosan with (QI_I)(25 % from amino group) and 1-chlorododecane (30 % from amino 
group) (Ch/QI_I/D30) 
‐ Grafted chitosan with (QI_I)(15 % from amino group) and 1-chlorododecane (65 % from amino 
group) (Ch/QI_I/D65) 
‐ Grafted chitosan with (QI_I) and 3-chloro-2-hydroxypropyl-dimethyl-octyl-
amonium chloride (QI_II) (Ch/QI_I25/QI_II15) 
 
c) Tri-N-grafted chitosan 
Table 35 explain the chemical structure and the substitution percent for these 
compounds  
‐ Grafted chitosan with (QII_II)(8 % from amino group) and 1-chlorododecane (46 
% from amino group) and benzaldehyde (15 % from amino group) 
(Ch/QI_II8/D46/B15) 
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‐ Grafted chitosan with 3-chloro-2-hydroxypropyl-trimethyl-amonium chloride 
(QI_III)(8 % from amino group) and 1-chlorododecane (46 % from amino group) 
and benzaldehyde (15 % from amino group) (Ch/QI_III8/D46/B15) 
‐ Grafted chitosan with 3-chloro-2-hydroxypropyl-trimethyl-amonium chloride 
(QI_III)(15 % from amino group) and 1-chloroundecane (26 % from amino group) 
and benzaldehyde (11 % from amino group) (Ch/QI_III15/U26/B11) 
‐ Grafted chitosan with 3-chloro-2-hydroxypropyl-trimethyl-amonium chloride 
(QI_III)(30 % from amino group) and 1-chloroundecane (26 % from amino group) 
and benzaldehyde (11 % from amino group) (Ch/QI_III30/U26/B11) 
 
Table 32: Chemical structure of the materials used in grafting onto chitosan 
Code Structure Name Properties 
Ch O O
OH
NH2
n  
Chitosan Formula: H(C6H11NO3)nHMwt.: 100000 – 300000 
D CH3(CH2)10CHO  Dodecanal 
Formula: C12H24O 
Mwt.: 184.32 
U CH3(CH2)9CHO  Undecanal 
Formula: C11H22O 
Mwt.: 184.29 
O-OH HOCH2(CH2)6CHO  8-Hydroxyoctanal 
Formula: C8H16O2 
Mwt.: 144.21 
D-OH HOCH2(CH2)10CHO  12-hydroxydodecanal
Formula: C12H24O2 
Mwt.: 200.32 
B 
 
Benzaldehyde Formula: C7H6O Mwt.: 106.12 
QI_I H N+
OH CH3
CH3Cl-
O
 
N-(2-hydroxy-3-
oxopropyl)-N,N-
dimethylbenzen 
aminium chloride 
Formula: C11H17Cl2NO 
Mwt.: 286.28 
QI_II H N+
OH CH3
CH3
(CH2)7CH3
Cl-
O
 
N-(2-hydroxy-3-
oxopropyl)-N,N-
dimethyloctyl 
aminium chloride 
Formula: C13H29Cl2NO 
Mwt.: 250.16 
(QI_III) H N+
OH CH3
CH3
CH3
Cl-
O
 
N-(2-hydroxy-3-
oxopropyl)-N,N-
trimethyl aminium 
chloride 
Formula: C6H15Cl2NO 
Mwt.: 188.10 
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Table 33: Chemical structure of mono-N-grafted chitosan 
Code Structure Name Properties 
Ch/B 
O
O
O
NH
OH
OH
NH2
O
n
Grafted chitosan with 
benzaldehyde 
n: 26-30 
n: 50-62 
n: 65-72 
n: 71-80 
Ch/O-OH Grafted chitosan with oxocane 
n: 19 
n: 45-47 
n: 78-99 
Ch/D-OH Grafted chitosan with oxacyclotridecane 
n: 26-29 
n: 37-47 
n: 97-99 
Ch/QI_I25 
O
O
O
NH
N+
OH
OH
NH2
H3C
CH3
HO
Cl-
25  
Grafted chitosan with 3-
chloro-2-hydroxypropyl-
dimethyl-phenyl-amonium 
chloride (QI_I) 
 
 
Chapter 6: PP Composites with Grafted Chitosan Derivatives with Improving their Properties 
DWI an der RWTH-Aachen University              178
 
Table 34: Chemical structure of di-N-grafted chitosan 
Code Structure Properties 
Ch/QI_I25/D20 
O
O
O
NH
N+
OH
OH
H3C
CH3
HO
O
O
OH
NH2
O
NH
H3C(H2C)10H2C
55 20 25
 
Grafted chitosan with (QI_I)(25 % from 
amino group) and 1-chlorododecane (20 % from 
amino group) 
Ch/QI_I25/D30 
Grafted chitosan with (QI_I)(25 % from 
amino group) and 1-chlorododecane (30 % from 
amino group) 
Ch/QI_I15/D65 
Grafted chitosan with (QI_I)(15 % from 
amino group) and 1-chlorododecane (65 % from 
amino group) 
Ch/QI_I25/QI_II15 Grafted chitosan with (QI_I) and (Q_II)
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Table 35: Chemical structure of tri-N-grafted chitos 
Code Structure Properties 
Ch/QI_II8/D46/B15 
 
Grafted chitosan with 
(QII_II)(8 % from amino group) and 
1-chlorododecane (46 % from amino 
group) and benzaldehyde (15 % 
from amino group) 
Ch/QI_III8/D46/B15 
 
Grafted chitosan with 
(QI_III)(8 % from amino group) and 
1-chlorododecane (46 % from amino 
group) and benzaldehyde (15 % 
from amino group) 
Ch/QI_III15/U26/B11 
 
Grafted chitosan with 
(QI_III)(15 % from amino group) and 
1-chloroundecane (26 % from amino 
group) and benzaldehyde (11 % 
from amino group) 
Ch/QI_III30/U26/B11 
 
Grafted chitosan with 
(QI_III)(30 % from amino group) and 
1-chloroundecane (26 % from amino 
group) and benzaldehyde (11 % 
from amino group) 
 
6.2.2. Methods 
6.2.2.1. Preparation of the PP/modified chitosan Composite Films  
The composites films of PP with modified chitosan powders were prepared by extrusion in the 
extruder DSM Xplorer (with Proface 1.04 and controller 1.04 from DSM Research B.V). 
Different amounts of the chitosan to the PP were used (0.5, 1, 2, 4 and 5% w/w), the mixtures 
were melted in the twin screw extruder, where the extrusion temperature was maintained at 
200°C form the top to the bottom. We used the mixing speed of 100 rpm in the drawing step, 
the screw speed of 35 rpm, drawing speed of 850 mm/min and the torque of 30. 
 
6.2.3. Measurements 
Perkin Elmer DSC was used for measuring the melting and the crystallization behaviour of PP 
composites films. The samples were sealed in aluminium pans in which two holes were 
pierced, and heated-cooled-heated from 50 to 200°C with 10 K min−1 under a flow of nitrogen. 
The melting temperature Tm and enthalpy ΔHm were evaluated from the fusion peak of the 
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second heating cycle. The enthalpy is further used to calculate the crystallinity ratio from the 
equation: 
100×Δ
Δ=
o
m
c H
H
X  Equation 20 
where ΔHm is the measured enthalpy, and ΔH0 is the enthalpy of fusion for 100% crystalline 
PP, of 207  J/g (267, 268), respectively. 
The weight of each sample was approximately 5 mg. DSC temperatures and heat flow values 
were calibrated with indium as standard. 
 
6.2.3.1. Thermogravimetric Analysis (TGA) 
TGA and DTGA measurements were performed on Netzsch TGA 209 by heating from room 
temperature to 600°C with a heating rate of 10 K / min under a nitrogen flow. Aluminium 
oxide was used as the reference The TGA curves were used to define the thermal stability of 
the sample by measuring the onset and inflection (peak on DTGA) temperature of the first 
recorded decomposition process. The DTGA is the derivative curve of recorded TGA and 
helps to define the inflection temperature. 
 
6.2.3.2. Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy HITASHI S–3000 microscope S, at 15–kV acceleration 
voltage, after gold coating, was used to characterize the produced chitosan powders and to 
study the surface morphology and the cross section of the composite films produced at 
extruder. 
 
6.2.3.3. Tensile Strength  
The tensile strength measurements for all the film samples were carried out by using Miniature 
Materials Tester (MiniMat2000 by Rheometric Scientific). Prior to measurement the samples 
were kept for 24 hours at 22°C and 65% relative humidity. The measurements were carried out 
on films of a thickness of 0.2 ± 0.05mm, under the same conditions with a speed 0.1 mm/min, 
the film sample being fixed on the tensile bar at the length of 35 ± 5 mm, and a gauge length of 
6 ±3 mm. 
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6.2.3.4. Moisture sorption and desorption 
The ability of PP composites to absorb and desorb the moisture was tested by using IGAsorp 
Analyser produced by HIDEN ISOCHEMA with relative humidity range from 0% to 95%. All 
experiments were conducted at 25ºC. Approximately 25 mg of composite film was dried for 4 
h at 0% RH under dry nitrogen gas. RH was then increased by steps of 10% up to 95% RH. 
The samples are equilibrated at each stage for 2 h. The total moisture absorption (%) of the 
film composites was calculated according the following equation.  
100(%) ×−=
o
ot
W
WWregain Moisture  Equation 21 
where Wt and Wo are the moisturized and dry weights of the film composites, respectively 
 
6.3. Result and Discussions  
6.3.1. Mono-N-grafted Amphiphilic Chitosan Derivatives into Polypropylene 
Matrix  
Ten mono N-grafted amphiphilic chitosan derivatives, produced via grafting chitosan to 
introduce aryl, alkyl or mono quaternary compound in the chitosan backbone, were used as 
additives to melt blending with Polypropylene. The thermal properties, moisture absorbance, 
morphology and mechanical properties of the produced films were studied to detect the effect 
of adding Chitosan derivatives into PP matrix on the crystallinity, thermal stability, ability to 
absorb and keep moisture and performance of PP composites. 
 
6.3.1.1. Differential Scanning Calorimeter (DSC) 
The results in terms of crystallization temperature and melting temperature obtained from the 
second run of DSC measurements with heating rate of 10 K min−1 under a flow of nitrogen are 
given in Table 36 – Table 39. The DSC curves of the second heating run of polypropylene and 
all composites films with 5% additive, under nitrogen atmosphere and at a heating rate of 10 K 
min-1 are shown in Figure 91 
As it can be noticed the crystallization temperature, melting point, enthalpy of fusion and the 
degree of relative crystallinity decrease by adding any of the Ch/B to PP matrix. The 
increasing of Ch/B ratio to the matrix results in further decreasing of the measured parameters. 
This may be attributed to the amorphous nature of Ch/B (329) molecules which alter the 
arrangement of PP macromolecules. The degree of grafting seems to have no effect for this 
behaviour, as the decreasing of any parameter is quite similar for the adding of the various 
Chapter 6: PP Composites with Grafted Chitosan Derivatives with Improving their Properties 
DWI an der RWTH-Aachen University              182
Ch/B (26%, 50%, 65% and 71%) to PP. Therefore the effect appears due to the miscibility of 
Ch/B compounds with PP matrix.  
Similar results are observed at the adding of Ch/O-OH, or Ch/D-OH, to PP matrix. The 
decreasing tendency becomes more obvious when adding larger amounts of any of the two 
compounds to PP matrix.  This may be attributed also to the low ordered structure of both 
chitosan derivatives (316) and to the miscibility effect. The electronic repulsion of the positively 
charged amino groups and the steric effects of the N-alkyl tails of the different chitosan 
molecules may partially explain the different DSC spectra of PP/ chitosan composite and 
PP/N-alkyl chitosan derivative composites. The degree of grafting of the two chitosan 
derivatives has also no effect on the measured properties of the composites. 
On the contrary, the addition of Ch/QI_I25 to PP matrix increases the crystallization 
temperature, enthalpy of fusion and degree of relative crystallinity of PP composite. I consider 
that this is due to the presence of quaternary ammonium group in the structure of chitosan 
derivative, which provides crystallisation nuclei to the PP matrix (330). 
 
Table 36: DSC data for PP and its composites with Ch/B in different grafting ratios 
Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 115.5 165.5 72.4 35.0 
1 115.8 164.7 71.8 34.3 
2 115.3 164.4 70.9 34.2 
4 114.8 164.1 70.6 34.1 
Ch/B26 
5 113.9 163.9 68.1 32.9 
0.5 115.6 164.0 71.7 34.6 
1 115.5 163.4 70.9 34.3 
2 115.4 162.5 69.8 33.7 
4 115.3 161.9 68.9 33.3 
Ch/B50 
5 115.1 160.5 68.2 32.9 
0.5 116.6 164.8 71.5 34.5 
1 116.6 164.6 71.1 34.3 
2 115.1 164.4 69.2 33.4 
4 114.9 163.8 68.7 33.2 
Ch/B65 
5 114.6 163.5 68.2 32.9 
0.5 116.5 163.9 71.3 34.4 
1 116.5 163.4 68.3 32.9 
2 114.9 161.4 67.7 32.7 
4 114.2 159.0 66.1 31.9 
Ch/B71 
5 113.9 153.7 60.9 29.4 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
2011 
  Amina L. Mohamed 183
Table 37: DSC data for PP and its composites with Ch/D-OH in different grafting ratios 
Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 114.9 162.5 72.0 34.8 
1 114.8 161.8 70.8 34.2 
2 114.6 160.7 69.7 33.7 
4 114.6 167.7 68.6 33.1 
Ch/D-OH19 
5 115.1 166.9 67.7 32.7 
0.5 115.6 165.7 71.0 34.3 
1 114.5 165.1 69.8 33.7 
2 113.8 164.7 68.7 33.2 
4 113.5 163.3 68.1 32.9 
Ch/D-OH45 
5 113.1 162.9 67.3 32.5 
0.5 115.8 169.2 72.4 34.9 
1 115.3 165.2 71.9 34.7 
2 115.3 164.9 70.7 34.2 
4 115.6 164.7 69.7 33.7 
Ch/D-OH78 
5 115.1 163.4 68.3 32.9 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
Table 38: DSC data for PP and its composites with Ch/O-OH in different grafting ratios 
Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 116.3 166.4 71.8 34.7 
1 115.6 166.4 69.3 33.5 
2 115.5 165.6 68.1 32.9 
4 115.0 164.8 67.3 32.5 
Ch/O-OH26 
5 114.8 164.2 66.9 32.3 
0.5 115.5 167.0 72.2 34.9 
1 115.4 166.8 70.8 34.2 
2 115.4 165.9 66.6 32.2 
4 115.2 165.8 65.3 31.5 
Ch/O-OH37 
5 114.9 165.2 60.9 29.4 
0.5 116.6 166.0 69.8 33.7 
1 116.4 165.8 68.7 33.2 
2 116.0 165.4 65.8 31.8 
4 115.6 164.9 65.2 31.5 
Ch/O-OH97 
5 115.1 164.0 62.8 30.3 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
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Table 39: DSC data for PP and its composites with Ch/QI_I25 
Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 121.3 166.2 72.9 35.2 
1 122.1 165.7 74.2 35.8 
2 122.8 165.2 75.0 36.7 
4 123.6 164.7 77.2 37.3 
Ch/QI_I25 
5 124.2 164.2 79.1 38.2 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
DSC thermographs of PP, PP/chitosan and PP /mono N-grafted chitosan derivatives are shown 
in Figure 91. The diagram of PP shows a sharp endothermic peak at 166.3°C which 
corresponds to the melting of pure PP. All composites of PP with chitosan or any of mono N-
grafted chitosan derivatives have only one endothermic peak too, assigned to the melting of PP 
composite. The characteristics of these peaks are compared during the analysis. 
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Figure 91: DSC curves of the second heating of PP and its composites films with 5 % mono- 
N-grafted chitosan  
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6.3.1.2. Thermogravimetric Analysis (TGA) 
Thermal stability characteristics of PP/mono N-grafted chitosan derivatives composites were 
tested using TGA analysis, where, the samples were heated from room temperature to 600°C 
with a heating rate of 10°C/min under a nitrogen flow.  
Thermal decomposition temperature, mass loss and DTGA temperature results are given in 
Table 40 – Table 43. TGA and DTGA curves for PP and 5% of its composite mixtures are 
graphed in Figure 92. 
TGA results show that adding any of the ten mono N-grafted chitosan derivatives to the PP 
matrix help increasing the thermal stability of the composites. This is probably due to the 
presence of the aromatic ring from adding Ch/Bs compounds to PP matrix (331, 332), the presence 
of long chain alkyl group, which increase the thermal stability of the composites in case of 
adding with Ch/O-OHs and Ch/D-OHs / compounds, or the presence of quaternary ammonium 
group of Ch/QI_I (330). 
The thermal stability of any of PP composites with chitosan derivatives increases in all the 
cases by increasing the amount of added materials from 0.5 to 5%, but the grafting ratio seems 
to do not play any role. 
Figure 92 shows that PP and its composites with chitosan derivatives have similar profiles of 
one-step decomposition. The decomposition stage occurs from 395 to 500°C, and is attributed 
to the decomposition of PP main chain. The pyrolysis, which has the onset temperature for 
pure PP at 442.0°C, is slightly affected by adding any of mono N-grafted chitosan derivatives. 
The peak and onset temperatures of this process are taken as an indication of the thermal 
stability of the material. The profile for the pure polymer and for the composites shows that the 
PP has a lower thermal stability than any of composites; the onset of PP degradation lies at 
442.0°C and it is completely decomposed (0% char residue) at 462.7°C, whilst the onset 
temperature of the composites is shifted with at least 5 degrees higher.  
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Table 40: TGA and DTGA data for PP and its composites with Ch/B in different grafting ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.78 443.1 461.0 
1 99.35 443.3 463.0 
2 98.97 444.9 465.9 
4 98.31 445.2 466.4 
Ch/B26 
5 97.60 447.0 468.3 
0.5 99.17 443.9 465.1 
1 98.92 444.2 465.4 
2 98.80 445.5 465.6 
4 98.15 446.3 467.5 
Ch/B50 
5 97.77 447.7 468.0 
0.5 99.12 443.6 463.6 
1 98.95 444.9 464.0 
2 98.47 445.1 464.4 
4 98.26 446.5 466.6 
Ch/B65 
5 97.44 447.9 467.9 
0.5 99.61 443.6 463.4 
1 99.22 444.9 464.2 
2 98.52 446.2 465.7 
4 97.43 447.5 466.3 
Ch/B71 
5 97.43 449.1 468.8 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
Table 41: TGA and DTGA data for PP and its composites with Ch/D-OH in different grafting 
ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.25 444.3 464.6 
1 99.32 444.7 465.3 
2 99.48 444.9 466.0 
4 99.70 445.3 467.0 
Ch/D-OH19 
5 98.43 446.4 467.7 
0.5 99.32 444.8 465.1 
1 99.39 446.2 467.4 
2 99.57 446.5 467.9 
4 98.82 447.0 468.0 
Ch/D-OH45 
5 98.25 448.5 470.0 
0.5 99.50 445.2 466.0 
1 98.83 448.0 467.8 
2 98.75 448.3 468.5 
4 98.69 448.8 469.0 
Ch/D-OH78 
5 98.63 449.3 470.5 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
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Table 42: TGA and DTGA data for PP and its composites with Ch/O-OH in different grafting 
ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.87 442.5 464.0 
1 99.48 444.3 464.6 
2 99.32 444.7 465.3 
4 99.25 444.9 466.0 
Ch/O-OH26 
5 98.43 446.4 467.7 
0.5 99.75 444.8 464.9 
1 99.17 445.5 465.6 
2 99.02 446.0 465.7 
4 98.80 446.3 467.5 
Ch/O-OH37 
5 98.73 448.2 468.0 
0.5 99.63 443.9 465.3 
1 99.55 447.3 466.8 
2 98.63 448.7 470.0 
4 98.61 448.8 470.0 
Ch/O-OH97 
5 98.57 450.2 470.0 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
Table 43: TGA and DTGA data for PP and its composites with Ch/QI_I25 in different grafting 
ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.77 447.0 466.4 
1 99.38 448.3 467.9 
2 98.96 448.8 469.4 
4 98.13 449.2 470.0 
Ch/QI_I25 
5 97.39 450.1 471.5 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
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Figure 92: TGA and DTGA curves of PP and its composites films with 5 % mono-N-grafted 
chitosan 
 
6.3.1.3. Scanning Electron Microscopy (SEM) 
The SEM micrographs of PP and its composites film with 5 % of all mono N-grafted chitosan 
derivatives are presented in Figure 93 and show the morphology of the cross sections of PP 
and its composites film with different additives. The SEM micrographs do not indicate any 
significant agglomeration of the additives, which seem to be all homogenously distributed 
across the cross-section of the film. 
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Pure PP     Ch/QI_I25 
      
Ch/B26     Ch/B50 
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Figure 93: SEM micrographs of PP and its composites films with 5 % mono-N-grafted 
chitosan 
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6.3.1.4. Moisture Measurements 
The ability of the composites to absorb moisture under different humidity conditions was 
tested for evaluating the comfort of the new materials.  
At 100% relative humidity PP absorbs moisture up to 0.2% of its weight (281, 282) which is quite 
negligible. The adding of chitosan derivatives is expected to improve this value. The 
measurements are plotted in Figure 94 - Figure 97, for pure PP polymer and for the 
composites with 5 % mono N–grafted chitosan derivatives. 
The maximum moisture uptake improves after adding any of mono N–grafted chitosan 
derivatives particles, reaching 20% of film dry weight for adding 5% of N-grafted chitosan 
derivatives. The extra moisture is the contribution of the 5% of the N-grafted chitosan, no 
matter the derivative contain alkyl or aryl group. The substitution groups grafted to chitosan 
molecules improve the ability of derivative to absorb and keep moisture probably because the 
grafted chains hinder the formation of hydrogen bond between the amino and hydroxyl group 
of chitosan and provides more sites for absorbed water molecules (316). The presence of 
quaternary amino group in chitosan molecular structure helps also to keep moisture (333). 
The use of Ch/B, Ch/O-OH and Ch/D-OH to PP matrix leads to composite films which behave 
like natural polymer in terms of moisture sorption and desorption. The composite films made 
with any of these materials have the ability to adsorb moisture up to 12%, 18% and 14 % of 
their dry weight respectively The contribution of these particles reflects into the desorption 
curve which has the S-shape, characteristic to the natural products. The capacity of keeping 
moisture improves for all composites films, with PP/Ch/O-OH recording the highest one. All 
these indicate that the composites are hydrophilic. The presence of large amount of hydroxyl 
groups in the chemical structure of these materials provides them the ability to make hydrogen 
bonds to keep the water molecules. The grafted alkyl or aryl groups hinder the hydrogen bond 
between the groups of chitosan and allow more moisture to be up-taken. Increasing the grafting 
ratios in added chitosan derivatives with any of grafted materials increases the capacity of 
composites to absorb and keep moisture. In this respect any PP/ mono N-grafted chitosan 
composite behaves better than PP/chitosan to absorb and keep moisture. The results are also 
supported by the DSC data which indicated the modification of the morphology of PP matrix, 
with increasing of the amorphous regions where water molecules can easily adsorb.  
The adding of 5% Ch/QI_I to the PP polymer matrix enhances also significantly the ability of 
the composites to adsorb moisture. At 95% relative humidity, the composite film of 
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PP/Ch/QI_I can absorb 8 % of its dry weight also; it can keep water and shows an hysteresis 
area larger than those of PP/ chitosan. 
 
PP Chitosan Ch/B26 Ch/B50 Ch/B65 Ch/B71
0
2
4
6
8
10
12
14
To
ta
l m
oi
st
ur
e 
ab
so
rp
tio
n 
(%
)
Composites Film     
PP Chitosan Ch/B26 Ch/B50 Ch/B65 Ch/B71
0
20
40
60
80
100
120
140
160
180
H
ys
te
re
si
s a
re
a
Composites Film
 
Figure 94: Humidity measurement for PP and its composites films with 5% mono-N-grafted 
chitosan (Ch/B) (hysteresis area and total moisture absorption at 95°C) 
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Figure 95: Humidity measurement for PP and its composites film with 5% mono-N-grafted 
chitosan (Ch/D-OH) (hysteresis area and total moisture absorption at 95°C) 
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Figure 96: Humidity measurement for PP and its composites films with 5% mono-N-grafted 
chitosan (Ch/QI_I25) (hysteresis area and total moisture absorption at 95°C) 
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Figure 97: Humidity measurement for PP and its composites film with 5% N-grafted chitosan 
with one material (Ch/QI_I25) (Hysteresis area and total moisture absorption at 95°C) 
 
6.3.1.5. Tensile Measurements 
6.3.1.5.1. Force at break 
The breaking force recorded for all composite films, pure PP, and PP/chitosan films, 
respectively, is illustrated in Figure 98. As a general view, adding more modified chitosan 
leads to a significant increase of the breaking force. One may also notice that any of the PP 
composite films requires a force to break higher than those of pure PP film or PP/chitosan and 
the value of the breaking force increases with increasing the amount of additive. 
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Figure 98: Breaking force (%) for PP and its composites films with mono-N-grafted chit 
 
6.3.1.5.2. Elongation at Break  
The elongation at break recorded for all the films is shown in Figure 99. Compared with pure 
PP or PP/ chitosan composite the elongation at break seems to increase by adding any amount 
of mono-N grafted chitosan to the PP matrix with the exception of using Ch/QI_I25 where it 
decreases. The increasing of breaking elongation supports the results of the DSC data which 
showed that the adding of grafting chitosan particles increases the amorphous region of the 
polymer. 
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Figure 99: Elongation at a break (%) for PP and its composites films with mono-N-grafted 
chitosan 
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6.3.1.5.3. Breaking modulus 
The breaking modulus is a material property that describes its stiffness and it is useful for 
characterizing the textile fibres (283). It is defined as the ratio of stress to strain at break and the 
calculated values for all composite films are given in Figure 100. Breaking modulus values 
increase by adding any amount of grafted chitosan to the polymer matrix, compared to pure PP 
and PP/chitosan composites. PP/ Ch/QI_I25 composites behave differently, as their breaking 
modulus decreases compared with pure PP and PP/chitosan composites. 
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Figure 100: Breaking modulus for PP and its composites films with mono-N-grafted chitosan 
 
6.3.2. Di-N-grafted Amphiphilic Chitosan Derivatives into Polypropylene 
Matrix 
Four types of di-N-grafted chitosan derivatives were infiltrated through the extruding process 
into PP matrix. The chemical structure of the derivatives is shown in Table 34. One can 
observe that all of them contain quaternary ammonium group with aromatic benzene ring 
linked to chitosan through the amine group; one of the additives has a second quaternary amine 
with three dodecyl groups. The effect of adding di-N-grafted chitosan derivatives into PP 
matrix on the crystallinity, thermal stability, moisture management and mechanical 
performance of PP composites is further studied. 
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6.3.2.1. Differential Scanning Calorimeter (DSC) 
The DSC results of the composites with 5% di-N-grafted chitosan derivatives are shown in 
Table 44 and the curves are plotted in Figure 101. 
DSC curves of the composites are similar. As it can be noticed from Table 44 the additives do 
not influence significantly neither the temperature of onset and peak, nor the enthalpy of the 
process. The increase of the amount of grafted chitosan in the matrix seems to increase slightly 
the crystallinity of the composite. Comparing the results of Table 13 one may observe that the 
presence of two different quaternary groups in the grafted chitosan make the composite more 
crystalline than one quaternary group does. 
 
Table 44: DSC data for PP and its composites films with di-N-grafted chitosan in different 
grafting ratios 
Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 120.5 166.3 72.5 35.0 
1 120.5 165.9 73.2 35.3 
2 120.5 165.9 74.7 36.1 
4 120.5 165.7 75.2 36.3 
Ch/QI_I25/D20 
5 120.5 164.9 76.1 36.8 
0.5 120.6 166.3 72.9 35.2 
1 120.6 165.5 73.2 35.4 
2 120.7 164.7 74.6 36.0 
4 120.6 163.9 78.9 38.1 
Ch/QI_I25/D30 
5 120.7 163.7 80.2 38.7 
0.5 120.5 166.1 74.1 35.8 
1 120.5 165.5 75.4 36.4 
2 120.5 165.3 77.6 37.5 
4 120.6 164.7 79.3 38.3 
Ch/QI_I15/D65 
5 120.6 164.5 80.9 39.1 
0.5 120.8 166.3 76.6 37.0 
1 120.8 166.2 78.2 38.3 
2 120.8 165.9 81.0 39.1 
4 120.7 165.7 81.4 39.3 
Ch/QI_I25/QI_II15 
5 120.7 165.7 84.5 40.8 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
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Figure 101: DSC curves of the second heating of PP and its composites films with 5 % di-N-
grafted chitosan 
 
6.3.2.2. Thermogravimetric Analysis (TGA) 
The thermal stability properties of PP and its composites with di-N-grafted chitosan were 
tested using TGA analyser. Table 45 summarises the mass loss, DTGA peak and thermal 
decomposition temperature, for PP and its composites with 5% of di-N-grafted chitosan. TGA 
and DTGA curves of all composites are graphed in Figure 102. 
TGA and DTGA data indicate that adding any amount of di-N-grafted chitosan to the PP 
matrix increases the thermal stability of the composite (in terms of peak on DTGA and 
decomposition temperatures). The increase of the amount of the additive materials from 0.5 to 
5 % increases also the thermal stability. This increase of the thermal stability may be attributed 
to the presence of increased of nitrogen content of the composite. 
Figure 102 illustrates that PP and its composites with di-N-modified chitosan derivative 
decompose in one-step process. The pyrolysis, which has the onset temperature for pure PP at 
442.0°C, shifts towards higher temperature by adding di-N-grafted chitosan derivatives. This 
way the composites show better thermal stability than PP. 
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Figure 102: TGA and DTGA curves of PP and its composites films with 5 % di-N-grafted 
chitosan 
 
Table 45: TGA and DTGA data for PP and its composites with di-N-grafted chitosan in 
different grafting ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.87 442.5 464.0 
1 99.80 443.6 464.6 
2 99.4 444.7 465.2 
4 99.00 445.2 466.3 
Ch/QI_I25/D20 
5 98.56 446.9 469.9 
0.5 99.87 443.2 464.1 
1 99.70 444.8 464.9 
2 99.10 445.1 465.2 
4 98.92 445.9 467.0 
 
Ch/QI_I25/D30 
5 98.33 447.7 467.5 
0.5 99.5 444.5 465.2 
1 99.1 446.5 466.6 
2 98.9 448.7 468.3 
4 98.60 449.2 469.0 
 
Ch/QI_I15/D65 
5 98.26 450.5 470.2 
0.5 99.87 442.9 465.0 
1 99.48 444.3 465.6 
2 98.95 444.7 466.3 
4 98.65 445.9 467.5 
Ch/QI_I25/QI_II15
5 97.53 446.9 469.8 
HR= 10°C/min,   
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6.3.2.3. Scanning Electron Microscopy (SEM) 
The SEM micrographs of cross-sections of PP and its composites with 5 % di-N-grafted 
chitosan derivatives are shown in Figure 103. The micrographs confirm that there is no 
significant agglomeration of any additive, confirming that all the compounds are distributed 
homogenously through the composite film. 
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Ch/QI_I15/D65    Ch/QI_I25/QI_II15 
Figure 103: SEM micrographs of PP and its composites films with 5 % di-N-grafted chitosan 
 
6.3.2.4. Moisture Measurements 
The moisture sorption characteristics of PP and its composites with 5 % chitosan and di-N-
grafted chitosan were measured and the results are given in Figure 104 for moisture adsorbed 
at 95 % relative humidity, together with the hysteresis area. One can observe that the total 
moisture uptake improves by increasing the ratio of dodecyl side in the backbone of chitosan. 
The substitution of the dodecyl with another quaternary ammonium salt, which has octyl group 
decreases the total moisture adsorbed, which is quite unexpected. 
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The sorption and desorption isotherms of all composites form the hysteresis like the natural 
polymer does. As reported previously, the presence of quaternary ammonium group in the 
backbone of the chitosan molecules increases the ability of the modified chitosan to keep 
water, and this is observed also to these derivatives.  
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Figure 104: Humidity measurement for PP and its composites films with 5% di-N-grafted 
chitosan (hysteresis area and total moisture absorption at 95°C) 
 
6.3.2.5. Tensile Measurements 
6.3.2.5.1. Force at break 
The breaking force recorded for all composite films compared with pure PP and PP/chitosan 
films and it is illustrated in Figure 105. As a general view the adding of more modified 
chitosan particles makes the breaking force to increase significantly. One may also notice that 
any of the PP composite films require a force for break higher than those of pure PP film or 
PP/chitosan. 
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Figure 105: Breaking force (%) for PP and its composites films with di-N-grafted chitosan 
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6.3.2.5.2. Elongation at break  
The elongation at break recorded for all the films, as shown in Figure 106, seems to decrease 
with adding any amount of di-N grafted chitosan to the PP matrix. All the recorded data show 
that the elongation at a break of all PP composites with grafted chitosan is lower than that of 
pure PP or PP/chitosan composite. The decrease of elongation at break supports the result of 
the DSC which showed that the adding of grafted chitosan leads to the decreasing the 
amorphous region of the polymer (increase of the crystalline ratio) and makes the material 
more rigid. 
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Figure 106: Elongation at a break (%) for PP and its composites films with di-N-grafted 
chitosan 
 
6.3.2.5.3. Breaking modulus 
The breaking modulus, calculated as described previously, is given in Figure 107. Breaking 
modulus decreases with adding di-N-grafted chitosan to the polymer matrix, as expected from 
the behaviour of the force and elongation at break. 
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Figure 107: Breaking modulus for PP and its composites films with di-N-grafted chitosan 
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6.3.2.6. Melt Infiltration of tri N-grafted Amphiphilic Chitosan Derivatives into 
Polypropylene Matrixes  
Four types of tri-N-grafted chitosan derivatives were infiltrated inside the PP matrix during 
extruding process. Their chemical structure is illustrated in Table 35; these chitosan 
derivatives have one aryl, alkyl, and quaternary groups in the backbone of chitosan molecules 
bounded to amine group with different ration and/or different structure. 
 
6.3.2.7. Differential Scanning Calorimeter (DSC) 
All the DSC results, in terms of crystallization and melting temperatures as well as the melting 
enthalpy, are given in Table 46. The DSC curves of the second heating run of PP composites 
with 5% additive materials are shown in Figure 108. 
One can observe that crystallization and melting temperatures decrease when adding 0.5 % 
from any additive to the PP matrix during the melt extruding. By further increasing of the 
additive amount both crystallization and melting temperatures remain stable or decrease 
slightly. The degree of relative crystallinity of all PP composites is higher than those of pure 
PP, and it increases by increasing the amount of any modified chitosan compound. 
Comparing the DSC results of the PP composites with each other one may conclude that the 
structure and ratio of the materials used for the grafting process affects the thermal properties 
of the PP composites. Changing of the quaternary ammonium compound from QI_II to QI_III 
(with the same ratio for all grafted sides) cause increase in the relative crystallinity.  
From all these results one can observe that using any of the tri N-grafted chitosan one may 
increase the degree of relative crystalinity in the final composite. We assume that this effect is 
due to the presence of the quaternary amino groups. 
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Figure 108: DSC curves of the second heating of PP and its composites films with 5 % tri-N-
grafted chitosan 
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Table 46: DSC data for PP and its composites films with tri-N-grafted chitosan in different 
grafting ratios 
Polypropylene Powder additive (%) Tc (°C) Tp (°C) ΔH (mW) Rc % 
PP 0 120.5 166.3 72.6 35.06 
0.5 115.8 166.1 72.8 35.2 
1 115.8 165.2 73.1 35.3 
2 115.5 164.9 74.4 35.9 
4 115.3 164.7 76.7 37.0 
Ch/QI_II8/D46/B15 
5 115.1 164.7 77.7 37.5 
0.5 116.6 166.0 76.7 37.1 
1 116.5 165.8 79.5 38.4 
2 116.4 165.7 80.1 38.7 
4 116.3 165.7 82.3 39.8 
Ch/QI_III8/D46/B15 
5 115.9 165.7 85.2 41.2 
0.5 116.4 164.7 72.7 35.1 
1 116.3 163.3 73.8 35.6 
2 116.1 162.9 74.2 35.9 
4 116.1 162.6 74.8 36.2 
Ch/QI_III15/U26/B11 
5 115.8 162.0 75.2 36.4 
0.5 116.2 167.7 74.8 36.1 
1 116.0 166.9 75.6 36.5 
2 115.8 165.7 76.6 37.1 
4 115.6 165.1 77.2 37.3 
Ch/QI_III30/U26/B11 
5 115.5 165.0 77.6 37.5 
HR= 10°C/min,  Tc: Crystallisation Temperature,  Tp: Peak Temperature,  
ΔH: Heat Flow,  Rc: Degree of Relative Crystallinity 
 
6.3.2.8. Thermogravimetric Analysis (TGA) 
The thermal stability of the PP and its composites with tri-N-grafted chitosan derivatives was 
evaluated with the TGA. The TGA and DTGA data for the all the composites are listed in 
Table 47, and the TGA and DTGA curves with 5 % additives are shown in Figure 109. 
TGA illustrated that adding any additive from tri N-grafted chitosan derivatives to the PP 
matrix during extruding do not change significantly the thermal stability of the PP composites. 
The pattern remains similar even at increasing of the amount of added materials from 0.5 to 
5% and changing of grafting ratio does not bring positive effects. 
Figure 109 shows that PP and its composites follow one-step decomposition. The 
decomposition stage occurs from 442 to 500°C for PP. The pyrolysis, which has the onset 
temperature for pure PP at 442.0°C, is slightly affected by adding any ratio of tri N-grafted 
chitosan derivatives. 
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Figure 109: TGA and DTGA curves of PP and its composites films with 5 % tri-N-grafted 
chitosan  
 
Table 47: TGA and DTGA data for PP and its composites films with tri-N-grafted chitosan in 
different grafting ratios 
Powder additive (%) Mass loss (%) T onset (°C) DTGA peak (°C) 
PP 0 100 442.0 462.7 
0.5 99.87 447.9 466.4 
1 99.65 448.9 467.9 
2 99.46 449.2 469.4 
4 99.23 449.6 469.7 
Ch/QI_II8/D46/B15 
5 98.89 450.8 470.0 
0.5 99.86 443.9 465.2 
1 99.45 444.1 465.7 
2 99.13 444.9 466.6 
4 98.80 445.2 467.4 
Ch/QI_III8/D46/B15 
5 98.42 446.6 469.1 
0.5 99.85 444.2 466.9 
1 99.29 444.7 467.2 
2 99.15 445.3 467.5 
4 98.60 445.9 468.4 
Ch/QI_III15/U26/B11 
5 97.22 447.6 469.1 
0.5 99.75 445.9 465.9 
1 99.20 446.1 466.6 
2 98.52 446.9 467.3 
4 97.90 447.2 468.4 
Ch/QI_III30/U26/B11 
5 97.36 448.9 470.2 
HR= 10°C/min,   
 
6.3.2.9. Scanning Electron Microscopy (SEM) 
The SEM micrographs of PP and its composites film with 5 % tri N-grafted Chitosan 
derivatives are given in Figure 110. The micrographs confirm that there is no significant 
agglomeration of any additives, which means that all the additives are distributed 
homogenously through the composite film. 
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Figure 110: SEM micrographs of PP and its composites films with 5 % tri-N-grafted chitosan 
 
6.3.2.10. Moisture Measurements 
We tested the ability of the PP composites with tri N-grafted chitosan to absorb moisture under 
different humidity conditions.  
As mentioned before PP can absorb moisture up to 0.2 of its weight at 100% relative humidity 
environment. The sorption characteristics of composites with 5 % chitosan and its tri-N-grafted 
are shown in Figure 111 which gives the total moisture amount at 100 % relative humidity and 
the hysteresis area of the composite films. 
The total moisture uptake improves by adding any of tri-N-grafted chitosan particles, ranging 
from 8.2 to 9.25 % of the weight compared to 7.25 % for PP/chitosan and 0.2% for pure PP. 
The increase of absorbed moisture is due to the presence of hydroxyl and amine groups of 
chitosan, but also to the quaternary amines, which may bind water molecules by hydrogen 
bonds. 
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Figure 111: Humidity measurement for PP and its composites films with 5% tri-N-grafted 
chitosan (hysteresis area and total moisture absorption at 95°C) 
 
6.3.2.11. Tensile Measurements 
6.3.2.11.1. Force at break 
The values of breaking force recorded for all composite films compared with pure PP and 
PP/chitosan films are shown in Figure 112. As a general view any of the composite films 
requires a force to break higher than pure PP film, or PP/chitosan, does. One may also notice 
that the adding of larger amount of modified chitosan leads to a significant increase of the 
breaking force. 
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Figure 112: Breaking force (%) for PP and its composites films with tri-N-grafted chitosan 
 
6.3.2.11.2. Elongation at break  
The elongation at break recorded for all the composite films is shown in Figure 113. The 
elongation at break has a symmetrical pattern compared to those of the force at break, namely 
it seems to decrease with the adding of any modified chitosan derivatives. The decrease of 
breaking elongation supports the result of the DSC data which showed that adding of modified 
chitosan particles help increasing the crystalline region of the composite. 
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Figure 113: Elongation at a break (%) for PP and its composites films with tri-N-grafted 
chitosan 
 
6.3.2.11.3. Breaking modulus 
Figure 114 plots the trend and shows the values of the breaking modulus, calculated as 
described previously. The trend is decreasing with adding any amount of modified chitosan to 
the polymer matrix. 
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Figure 114: Breaking modulus for PP and its composites films with tri-N-grafted chitosan 
 
6.3.2.12. Conclusions 
Adding of any N grafted chitosan, compounds to polypropylene matrix improve the thermal 
stability to the resultant composites material, due to the presence of aromatic ring, the long 
chain alkyl group or the quaternary ammonium group. All additive mixed very well with 
polypropylene, SEM analysis confirmed the homogenous distribution of all additives through 
the all produced composite films. 
Both di and tri N-grafted chitosan additives act as nucleating agents for increasing the degree 
of relative crystallinity of PP composites materials. 
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 The ability of adsorb and keep moisture was highly increased by adding any of N-grafted 
chitosan derivatives to PP matrix.  
The mechanical properties of most composites films were improved by adding the chitosan 
derivatives to PP matrix. 
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7. Summary 
Summary 
This work aimed to use various polymers for bringing new properties and / or enhance 
drawbacks of textile materials. The change of the textile properties was achieved by using 
either a) the coating of a target surface or b) the infiltration of the polymers into a matrix. 
Silicon based polymers were used to coat cotton fabrics for imparting softening effect to the 
textile material. Natural polymers, based on cellulose, chitosan, or keratin, were used to form 
composites with polylactic acid, and polypropylene, respectively, for improving thermal and 
mechanical properties of the extruded composite textile fibre.  
 
I. Cotton Fabrics Treated with Silicon based Compound 
Several studies have been carried out for understanding and optimising the finishing of cotton 
fabrics with silicon based compounds from different treatment media. 
 
1. Suitability of Confocal Raman Microscopy for Monitoring the 
Penetration of Linear PDMS Compounds into Cotton Fibres 
I have chosen PDMS as a molecule-model for investigating the diffusion of silicon products 
into cotton bulk. The study demonstrates the suitability of confocal Raman microscopy (CRM) 
to monitor the distribution of poly(dimethyl siloxane) (PDMS) molecules into cotton fibres. I 
have used PDMS of different molecular weights (PDMS I; Mw= 1500 g/mol, PDMS II; Mw= 
9600 g/mol, PDMS III; Mw= 69000 g/mol) and from two different solvents (water and hexane 
respectively) at various temperatures (25, 50 and 60°C). The surfaces of the fibres were studied 
with scanning electron microscopy and Confocal Raman microscopy was run to detect the 
PDMS on the surface and in the bulk of treated fabrics. I concluded that all PDMS compounds, 
irrespectively their molecular weights and the silicon oil infiltrate into cotton fibre. The 
penetration is strongly dependent on the solvent used. Water proved suitable for assisting the 
infiltration of low and medium molecular weight PDMS, at elevated temperatures. High 
molecular weight PDMS infiltrates better from hexane and at room temperature than from 
water. Surface analysis confirms the CRM observations.  
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2. Supercritical Carbon Dioxide SC-CO2 Assisted Silicon based Finishing of 
Cellulosic Fabric: A Novel Approach 
We also investigated the use of supercritical carbon dioxide medium as an alternative to water 
for finishing cotton fabrics with modified dimethylsiloxane polymers terminated with silanol 
groups (DMS–S12 Mwt. 0.4–0.7 KDa;, DMS–S14; Mwt. 0.7–1.5 KDa and DMS–S15; Mwt. 
2–3.5 KDa), and two different cross-linkers namely 3-Isocyanatepropyltriethoxy silane (IPES) 
and tetraethyl-orthosilicate (TEOS).  
The treatment was done comparatively in aqueous medium, with the DMS compounds and 
without cross linker as micro aqueous emulsion, for evaluating the properties of the fabrics 
treated in both media, and for proving the suitability of supercritical carbon dioxide as a 
treatment media for finishing cotton fabrics. The process was followed by thermal treatment, at 
70ºC to complete the reaction between the hydroxyl group of PDMS and cross-linkers. The 
presence and the amount of PDMS compounds on the fabrics for all treated fabrics were 
characterized by Attenuated Total Reflection-FT-IR, using diamond cells. The results show 
that for the same polymer there is no difference between the amount of silicon deposit on 
cotton fabric from any media (water and supercritical carbon dioxide). 
Qualitative and quantitative information on the distribution of the silicon molecules across the 
fibre cross section was provided by SEM/EDX analysis and Confocal Raman microscopy 
(CRM) respectively. The results confirm that all fibres treated with PDMS and IPES cross-
linker have larger silicon amounts than those treated with TEOS as a cross linker. 
SC-CO2 medium provides good coating of cotton surface with a 3D network of DMS 
compound and cross linker. The treatment in SC-CO2 leads to forming highest DMS 
concentration in a layer between 1 and 2 μ under the surface. The treatment with DMS in 
aqueous solution leads to the highest silicon concentration on the fibre surface in case of high 
molecular weight compound, or in a layer between 1 and 2 μ under the surface for the other 
DMS compounds.  
The treatment with silicon compounds was shown to do not affect the ability of the fibre to 
absorb moisture from the surrounding environment. 
The measurements by Kawabata Evaluation System (KES; tensile, shear, bending, 
compression and surface testing instruments) show that the treatment of cotton fabrics using 
DMS compounds in any solvent produces soft; smooth, extensible, and flexible fabrics. One 
can conclude that DMS compounds applied from any solvent enhance the softness of treated 
fabrics without changing their mechanical properties. 
Summary 
DWI an der RWTH-Aachen University              210
3. improve finishing properties of cotton fabrics using different reactive 
silicon softeners 
The work focused on the kinetics of the adsorption and desorption of two different 
functionalized silicones on two kinds of cotton fabric, namely terry and plain fabric. The first 
silicon compound, polyquaternary polysiloxane blockcopolymer, interacts by hydrogen 
bonding with the hydroxyl groups of the cotton fibre. The second compound is an amino 
reactive functionalized polysiloxane blockcopolymer having amino groups which can interact 
by electrostatic forces with the cellulose to form a silicone network.  
The kinetics and thermodynamic studies were performed on data obtained by 
photocolorimetric measurements of the treatment baths at different times and temperatures, as 
well as from EDX mapping and CRM results.  
The study of the sorption behaviour showed that the adsorption follows a Langmuir isotherm 
in all the cases. The kinetic aspects of the finishing and washing are of great interest for 
handling the process. It was shown that the process follows the first-order kinetics for all the 
silicon compounds and materials we used, and the kinetic parameters were calculated. 
 
II. Development of polylactic acid and polypropylene based fibres with 
improving thermal, mechanical and dyeing properties 
In the second part of the work, I used Poly Lactic Acid (PLA) and Polypropylene (PP) as 
matrices for producing new composites with several other polymeric materials in order to 
achieve better thermal, mechanical and dyeing properties. By introducing new reactive 
chemical groups in the structure of the main polymer or by forming of new structures it was 
expected that the dyeing uptake of Acid or Reactive dyes at boiling temperature of water will 
improve, as well as the ability to absorb and keep moisture. 
 
1. Production and characterisation of the polymeric material 
The materials used are divided into three main groups  
1. Polysaccharide based materials, which contains cellulose, chitosan and its derivatives, β- 
Cyclodextrin and its derivatives  
2. Keratinous based materials, which contains wool keratin, α-keratose and soluble keratin. 
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3. Synthetic based materials, which contains N,N’-1,4-butanediyl-bis[6-hydroxy-
hexanamide (BIS amide) and cyclic butylene terephthalate. 
 
2. Preparation of materials powders 
Cotton, wool, chitosan, N,O-CMC, O-CMC and α-keratose powders have been prepared by 
freezing and mechanical grinding under nitrogen atmosphere. The other materials were simply 
grinded. 
 
3. Polylactic acid and polypropylene composites 
Polylactic acid or polypropylene based composites were prepared via melt extrusion. We used 
different ratio of additive powder to PLA, or PP, namely: 0.5, 1, 2, 4 and 5% w/w. The various 
compositions were extruded as films, on which the analyses have been carried out.  
 
a) Polysaccharide based Materials in Thermoplastic Polylactic acid, or Polypropylene 
Matrixes 
PLA and PP were mixed with the prepared polysaccharides and the resultant composite films 
were characterised using several analytical techniques. All the materials mixed well with both 
polymers and Scanning electron micrographs show that there is no significant agglomeration 
across the film. DSC and TGA were used to characterise the thermal properties of the new 
composites. The results of DSC show that chitosan and its derivatives are the best materials for 
nucleating agent to increase the degree of crystallinity of PLA and PP composites. Cotton 
powder showed also good nucleating property for the PP based composite. The adding of 
CDEN decreases the degree of crystallinity of both PLA and PP based composites, but it 
increases the thermal stability of PLA composite and leads to the best mechanical properties 
when added to any of the two polymers. The thermal stability of PP composites does not 
improve by adding any polysaccharide additive.  
The adding of any of the polysaccharide materials improves the moisture absorption by the 
respective PLA and PP composites. CDEN, chitosan and its derivatives mixed with both PLA 
and PP lead to composites with the best ability to adsorb moisture and the largest hysteresis 
area. 
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b) Keratin based Materials in Thermoplastic Polylactic Acid or Polypropylene Matrices 
Like polysaccharide, the keratin based materials do not show any significant agglomeration at 
mixing with PLA or PP polymers. 
DSC results show that all the three materials act as nucleating agents for PLA and PP 
composites, increasing the degree of relative crystallinity of the respective composites. Wool is 
the best material for increasing the thermal stability of both PP and PLA composites, while 
keratose proved to be good for only PLA based composite. The mechanical properties of PLA 
and PP based composites significantly improve by adding wool powder. Also, PLA and 
PP/keratose composites show the good moisture absorption, and the sorption-desorption 
isotherms show the sigmoidal hysteresis characteristic to natural fibres. 
 
c) Synthetic Materials in Thermoplastic Polylactic Acid or Polypropylene Matrices 
Both cyclic butylene terephthalate and N,N-1,4-butanediyl-bis[6-hydroxy hexanamid act as 
nucleating agent for both PLA and PP composites. They increase the degree of relative 
crystalinity of both PLA and PP based composites, and show also an increase of the thermal 
stability of PP composites. The ability to absorb moisture is only slightly improved. Both 
materials decrease the breaking modulus of PLA, but their lowest values are still higher than 
those of pure PP. 
 
d) Improving the Dyeing Properties of PLA Composites Films 
All PLA composites were undergoing the dyeing process. It is expected that by adding any of 
the enumerated materials which have different function groups the dyeing uptake of PLA 
based composites towards Reactive or Acid dyes is also improved. Chitosan, β-CD and CDEN 
proved to be the best polysaccharide additives assisting the dye uptake of the reactive dye in 
acid medium. Wool and bisamid compounds are the best additive among keratin, and synthetic 
materials respectively, to improve the dyeing uptake of PLA towards reactive and acid dye in 
acidic medium.  
The adding of wool to PLA increases also the yellowing of composite film. This is attributed 
to the oxidation of amino groups at high extrusion temperature and their convertion to nitro 
group which give the yellow colour. 
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e) N-grafted Amphiphilic Chitosan Derivatives in Thermoplastic Polypropylene Matrixes 
Mono, di and tri N-grafted amphiphilic chitosan were mixed with PP via extrusion for forming 
composite films.  
The N-grafted chitosan was chitosan grafted with different ratios of benzaldehyde, octanol, 
dodecanol and 3-chloro-2-hydroxypropyl-dimethyl-phenyl-amonium chloride. The grafted 
chitosan is expected to act as nucleating agent. While some of the mono-grafted chitosans 
show contradictory effects (increase and decrease of crystallinity degree), the de-N and tri-N 
grafted chitosans all behave as expected, increasing the crystallinity and improving the 
mechanics of the PP based composites. All these materials improve also the moisture 
absorbance of composite films. 
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8. Zusammenfassung 
Zusammenfassung 
Diese Arbeit zielt darauf ab verschiedene Polymere für die Herstellung neuer Eigenschaften 
und / oder den Abbau von Nachteilen von textilen Materialien zu verwenden. Die Änderung 
der textilen Eigenschaften wurde mit Hilfe von a) der Beschichtung der Oberfläche des Targets 
oder b) der Infiltration der Polymere in eine Matrix erreicht. Silikon basierte Polymere wurden 
für die Beschichtung von Baumwollstoffen verwendet um einen weichmachenden Effekt auf 
das textile Material zu vermitteln. Natürliche Polymere auf Basis von Cellulose, Chitosan, oder 
Keratin wurden verwendet um Verbundwerkstoffe mit Polymilchsäure herzustellen, und 
Polypropylen respektive zur Verbesserung der thermischen und mechanischen Eigenschaften 
der extrudierten Textilfaserverbunde. 
 
I. Behandlung von Baumwollstoff mit einem Silikon basierten Verbund 
Mehrere Studien wurden für das Verständnis und die Optimierung der Veredelung von 
Baumwollstoffen, mit Silikon basierten Verbunden aus unterschiedlichen Behandlungsmedien 
durchgeführt. 
 
1. Eignung der konfokalen Raman Mikroskopie  für die Überwachung der 
Durchdringung von linearen PDMS Verbindungen in Baumwollfasern. 
Ich habe PDMS als Modellmolekül zur Untersuchung der Diffusion von Siliciumprodukten in 
Baumwolle bulk gewählt. Die Studie demonstriert die Eignung der konfokalen Raman 
Mikroskopie (CRM), um die Verteilung von Poly (Dimethylsiloxan) (PDMS)-Molekülen in 
Baumwollfasern zu überwachen. Ich habe PDMS mit unterschiedlichen Molekulargewichten 
(PDMS I; Mw = 1500 g / mol, PDMS II; Mw = 9600 g / mol, PDMS III; Mw = 69000 g / mol) 
und aus zwei unterschiedlichen Lösungsmitteln (Wasser und Hexan jeweils) bei verschiedenen 
Temperaturen (25, 50 und 60 ° C) verwendet. Die Oberflächen der Fasern wurden mittels 
Rasterelektronenmikroskopie untersucht. Konfokale Raman-Mikroskopie wurde durchgeführt, 
um das PDMS auf der Oberfläche und im bulk von behandeltem Gewebe nachzuweisen. Ich 
nahm an, dass alle PDMS Verbindungen, unabhängig von ihrem Molekulargewicht und dem 
Silikonöl die Baumwollfasern infiltrieren. Die Penetration ist stark abhängig von dem 
verwendeten Lösungsmittel. Wasser erwies sich als geeignet für die Unterstützung der 
Infiltration von PDMS mit niedrigen und mittleren Molekulargewicht bei erhöhten 
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Temperaturen. Hochmolekulare PDMS infiltriert bei Raumtemperatur besser aus Hexan als aus 
Wasser. Oberflächenanalysen bestätigen die Ergebnisse aus der CRM. 
 
2. Silizium Finishing von Cellulosegeweben unterstützt durch überkritisches 
Kohlendioxid SC-CO: Ein neuartiger Ansatz 
Des Weitern untersuchte ich auch die Verwendung eines überkritischen Kohlendioxidmediums 
als eine Alternative zu Wasser, für die Ausrüstung von Baumwollgewebe mit modifizierten  
Dimethylsiloxan Polymeren, terminiert mit Silanolgruppen (DMS-S12 MWt 0,4-0,7 kDa;., 
DMS-S14;. MWt 0,7-1,5 kDa und DMS-S15; MWt 2-3,5 kDa) und zwei verschiedene 
Vernetzer, nämlich 3-Isocyanatepropyltriethoxy Silan (IPES) und Tetraethylblei (TEOS) 
Die Behandlung wurde vergleichsweise in wässrigem Medium durchgeführt, mit den DMS-
Verbindungen und ohne Vernetzer als mikrowässrige Emulsion, für die Bewertung der 
Eigenschaften der in beiden Medien behandelten Stoffen, und für den Nachweis der Eignung 
von überkritischem Kohlendioxid als Behandlungsmedium für die Ausrüstung von 
Baumwollgewebe. Dem Prozess folgte eine thermische Behandlung bei 70 ° C um die 
Reaktion zwischen der Hydroxylgruppe des PDMS und dem Vernetzer abzubrechen. Das 
Vorhandensein und die Menge der PDMS Verbindungen auf allen behandelten Stoffe wurde 
durch abgeschwächte Totalreflexion-FT-IR in Diamant-Zellen bestimmt. Die Ergebnisse 
zeigen, dass für das gleiche Polymer bei der Menge der Abscheidung von Silizium auf 
Baumwollgewebe aus verschiedenen Medien (Wasser und überkritischem Kohlendioxid) kein 
Unterschied besteht. 
Qualitative und quantitative Informationen über die Verteilung der Siliziummoleküle über den 
Faserquerschnitt, wurden mittels SEM / EDX-Analysen beziehungsweise der konfokalen 
Raman Mikroskopie (CRM) erhalten. Die Ergebnisse bestätigen, dass alle mit PDMS und 
IPES-Vernetzer behandelten Fasern größere Siliziummengen aufweisen, als solche die mit 
TEOS als Vernetzer behandelt wurden. 
SC-CO2 Medium bietet eine gute Beschichtung der Baumwolloberfläche mit einem 3D-
Netzwerk aus der DMS-Verbindung und dem Vernetzer. Die Behandlung in SC-CO2 führt zur 
Bildung der höchste Konzentration an DMS in einer Schicht zwischen 1 und 2 μ unter der 
Oberfläche. Die Behandlung mit DMS in wässriger Lösung führt bei Verbindungen mit hohem 
Molekulargewicht zur höchsten Konzentration an Silizium auf der Faseroberfläche, oder in 
einer Schicht zwischen 1 und 2 μ unter der Oberfläche für die anderen DMS-Verbindungen. 
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Es wurde gezeigt, dass die Behandlung mit Siliciumverbindungen keine Auswirkung hat auf 
die Fähigkeit der Faser Feuchtigkeit aus der umliegenden Luft aufzunehmen. Daraus kann man 
schließen, dass die DMS-Verbindungen aus jedem Lösungsmittel aufgebracht, die Weichheit 
der behandelten Gewebe verbessern, ohne Änderung ihrer mechanischen Eigenschaften. 
 
3. Erhöhen der Finishing-Eigenschaften von zwei Arten von Baumwollstoffen mit 
verschiedenen reaktiven Silicon Weichmachern 
Die Arbeit konzentrierte sich auf die Kinetik der Adsorption und Desorption von zwei 
verschieden funktionalisierten Silikonen auf zwei Arten von Baumwolle, nämlich Terry und 
Unigewebe. Die erste Silizium-Verbindung, ein polyquaternäres Polysiloxan Blockcopolymer, 
interagiert durch Wasserstoffbrücken mit den Hydroxylgruppen der Baumwollfaser. Die zweite 
Verbindung ist ein aminoreaktiv funktionalisiertes Polysiloxan Blockcopolymer mit 
Aminogruppen, die durch elektrostatische Kräfte mit der Cellulose in Wechselwirkung treten 
können, um eine Silikon-Netzwerk zu bilden.  
Die kinetischen und thermodynamische Untersuchungen wurden an Daten, welche durch 
fotokolorimetrische Messungen der Behandlungsbädern zu unterschiedlichen Zeiten und 
Temperaturen erhalten wurden, durchgeführt, sowie an EDX-Mapping-und CRM-Ergebnissen. 
Das Studium des Sorptionsverhaltens zeigte, dass die Adsorption in allen Fällen einer 
Langmuir-Isotherme folgt. Die kinetischen Aspekte der Verarbeitung und des Waschens sind 
von großem Interesse für die Bearbeitung der Verfahren. Es konnte gezeigt werden, dass der 
Prozess für alle verwendeten Siliciumverbindungen und Materialien der Kinetik erster 
Ordnung folgt. Die kinetischen Parameter wurden berechnet. 
 
II. Entwicklung von Polymilchsäure und Polypropylen basierten Fasern 
mit verbesserten thermischen, mechanischen und Färbeeigenschaften 
Im zweiten Teil der Arbeit habe ich Polymilchsäure (PLA) und Polypropylen (PP) als Matrizen 
für die Herstellung neuer Verbundwerkstoffe mit verschiedenen polymeren Materialien 
verwendet, um bessere thermische, mechanische und Färbeeigenschaften zu erzielen. Es wurde 
erwartet, dass durch die Einführung neuer reaktiver chemischer Gruppen in die Struktur des 
Hauptpolymers, oder durch die Bildung neuer Strukturen, die Farbaufnahme von Säure- oder 
Reaktivfarbstoffen bei Siedetemperatur des Wassers, sowie die Fähigkeit zur Aufnahme und 
Beibehaltung von Feuchtigkeit verbessert wird. 
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1. Herstellung und Charakterisierung des polymeren Materials 
Die verwendeten Materialien sind in drei Hauptgruppen aufgeteilt. 
1. Polysaccharid Materialien, enthält Cellulose, Chitosan und dessen Derivate, β-
Cyclodextrin und seine Derivate 
2. Keratin-basierte Materialien, die Wolle Keratin, α-Keratose und löslichen Keratin 
enthalten. 
3. Synthetische Materialien, die N, N'-1,4-Butandiyl-bis [6-Hydroxy-hexanamid (BIZ 
Amid) und zyklische butylenterephthalat enthalten. 
 
2. Herstellung von Materialien PULVER 
Baumwolle, Wolle, Chitosan,  N, O-CMC, O-α-CMC und Keratose Pulver wurden durch 
Einfrieren und mechanischer Zerkleinerung unter Stickstoffatmosphäre hergestellt. Die 
anderen Materialien wurden einfach geschliffen. 
 
3. Polymilchsäure und Polypropylen Composites 
Polymilchsäure oder Polypropylen basierte Komposite wurden durch Schmelzextrusion 
hergestellt. Wir verwendeten unterschiedliche Verhältnisse von Additivpulver zu PLA oder 
PP, nämlich: 0,5, 1, 2, 4 und 5% w / w. Die verschiedenen Zusammensetzungen wurden zu 
Folien extrudiert, auf denen die Analysen durchgeführt wurden. 
 
a) Polysaccharid Materialien in thermoplastischen Polymilchsäure oder Polypropylen 
Matrizen 
PLA und PP wurden mit den vorbereiteten Polysacchariden gemischt und die daraus 
resultierenden Verbundfolien wurden mittels verschiedener analytischer Techniken 
charakterisiert. Alle Materialien waren mit beiden Polymeren gut mischbar und 
rasterelektronenmikroskopische Aufnahmen zeigten keine signifikanten Agglomerationen 
entlang des Films. DSC-und TGA wurden verwendet um die thermischen Eigenschaften der 
neuen Verbundwerkstoffe zu charakterisieren. Die Ergebnisse der DSC zeigen, dass Chitosan 
und dessen Derivate am besten als Nukleierungsmittel geeignet sind, um den Grad der 
Kristallinität von PLA und PP Verbundwerkstoffen zu erhöhen. Baumwollpulver zeigte auch 
gute Nukleierungseigenschaften für die PP-Basis Composite. Die Zugabe von CDEN senkt den 
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Grad der Kristallinität beider PLA und PP-Basis Verbundwerkstoffe, aber es erhöht die 
thermische Stabilität der PLA Komposite und führt zu besten mechanischen Eigenschaften, 
wenn es zu einem der beiden Polymere zugesetzt wird. Die thermische Stabilität des PP 
Verbundes wird durch Zugabe einer Polysaccharid Zusatzes nicht verbessert. 
Die Zugabe eines der Polysaccharid-Materialien verbessert die Feuchtigkeitsaufnahme der 
jeweiligen PLA und PP Verbundwerkstoffen. CDEN und Chitosan und dessen Derivate sowohl 
mit PLA und PP gemischt führen Verbundwerkstoffen mit der besten Feuchtigkeitsadsorption 
und dem größten Hysterese-Bereich. 
 
b) Keratin Materialien in thermoplastischen Polymilchsäure oder Polypropylen 
Matrizen 
Wie Polysaccharid zeigen die Keratin Materialien keine signifikanten Agglomeration bei 
Mischung mit PLA-oder PP-Polymeren. 
DSC-Ergebnisse zeigen, dass alle drei Materialien als Nukleierungsmittel für PLA und PP 
Komposite wirken und die relative Kristallinität der jeweiligen Verbundwerkstoffe erhöhen. 
Wolle ist das beste Material zur Erhöhung der thermischen Stabilität von PP und PLA 
Verbundwerkstoffen, während Keratose sich nur als gut geeignet für PLA Verbundwerkstoffe 
erwies. Die Zugabe von Wollpulver verbessert die mechanischen Eigenschaften von PLA und 
PP basierten Verbundwerkstoffen erheblich. Auch zeigen PLA und PP / Keratose Komposite 
eine gute Feuchtigkeitsaufnahme und die Sorptions-Desorptionsisothermen zeigen die für 
Naturfasern charakteristische sigmoidale Hysterese. 
 
c) Synthetische Materialien in thermoplastischen Polymilchsäure oder Polypropylen 
Matrizen 
Sowohl zyklisches Butylenterephthalat als auch N, N-1,4-Butandiyl-bis [6-Hydroxy 
hexanamid wirken als Keimbildner für PLA und PP Verbundwerkstoffe. Sie erhöhen den Grad 
der relativen Kristallinität beider PLA und PP-Basis Verbundwerkstoffe, und zeigen auch eine 
Erhöhung der thermischen Stabilität der PP Verbundwerkstoffe. Die Fähigkeit Feuchtigkeit 
aufzunehmen ist nur geringfügig erhöht. Beide Materialien verringern den Bruchmodul von 
PLA, aber ihre niedrigsten Werte sind immer noch höher als die des reinen PP. 
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d) Verbesserung der Färbeeigenschaften von PLA Kompositfilmen 
Alle PLA Verbundwerkstoffe untergingen einen Färbevorgang. Es wird erwartet, dass durch 
Zugabe eines der aufgezählten Materialien, welche andere funktionelle Gruppen haben, die 
Farbaufnahme von PLA basierten Verbundwerkstoffen gegenüber reaktiven oder sauren 
Farbstoffen ebenfalls verbessert wird. Chitosan, β-CD und CDEN erwiesen sich als die besten 
Polysaccharid Zusatzstoffe zur Unterstützung der Farbstoffaufnahme der reaktiven Farbstoff in 
saurem Milieu. Wolle und Bisamid Verbindungen sind neben Keratin und synthetischen 
Materialien die besten Additive um die Farbaufnahme von PLA gegenüber reaktiven und 
sauren Farbstoffen im saurem Milieu zu verbessern. 
Die Zugabe von Wolle zu PLA verstärkt auch die Gelbfärbung der Verbundfolie. Dies ist auf 
die Oxidation von Aminogruppen bei hohen Extrusionstemperaturen und ihre Umwandlung in 
Nitrogruppen zurückzuführen. 
 
e) N-gepfropft amphiphile Chitosanderivate in thermoplastischen Polypropylen 
Matrizen 
Mono-, Di-und Tri-N-gepfropftes, amphiphiles Chitosan wurde durch Extrusion mit PP 
gemischt und Verbundfolien hergestellt. 
Das N-gepfropfte Chitosan war Chitosan gepfropft mit verschiedenen Mengen an 
Benzaldehyd, Octanol, Dodecanol und 3-Chlor-2-Hydroxypropyl-Dimethyl-phenyl-Amonium 
Chlorid. Es wird erwartet, dass die veredelten Chitosane als Nukleierungsmittel wirken. 
Während einige der Mono-gepfropften Chitosane widersprüchliche Wirkungen zeigen (Zu-und 
Abnahme des Kristallisationsgrades), verhalten sich die Di-und Tri-N N gepfropften Chitosane 
wie erwartet und erhöhen die Kristallinität und mechanischen Eigenschaften der PP-Basis 
Verbundwerkstoffe. Alle diese Materialien verbessern auch die Feuchtigkeitsaufnahme der 
Verbundfolien. 
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